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Abstract

With regard to the storage for high-level radioactive waste and the reversible period of a geological repository, the influence of proton
irradiation on the indoor atmospheric corrosion of iron has been investigated in relation to the relative humidity (RH) in the atmosphere.
Irradiation experiments were performed using a 3-MeV extracted proton beam. Relative humidity varies from 0% to 85%. Before and
after each irradiation, the surfaces of the sample were characterised by Rutherford backscattering spectrometry in order to determine
oxygen concentrations in the metal. The maximum oxidation rate was observed for 45% RH in air under proton irradiation and was
compared with literature data without irradiation where the maximum oxidation rate was observed at 95% RH. The experimental results
are discussed on the basis of the Langmuir–Hinshelwood (LH) model: they are explained by the contrast between the adsorption of O2

and H2O species on the active cathodic sites of the iron surface and by the formation of H+(H2O)n.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Many concepts are developed for the management of
high-level radioactive waste: several of them lead to an
irradiation of the atmospheric corrosion of carbon steels.
It is obvious for the storage of spend fuels packed in car-
bon–steel containers. In the French current concept for a
long-term deep geological repository, stainless-steel con-
tainers of high-level nuclear waste will be protected by an
0022-3115/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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overpack also made of carbon steel. During the first period,
called the ‘reversible period’, which may extend over sev-
eral decades or centuries, those overpacks will be exposed
mainly to more or less humid air with an oxygen concentra-
tion that will decrease due to oxygen consumption by
corrosion, for instance.

In a recent paper [1], the atmospheric corrosion mecha-
nisms occurring within a rust layer during a wet–dry cycle
were presented. Those results demonstrate the increase of
iron corrosion by the joint effect of oxygen and water
and the main influence of wet–dry cycles. In a previous
work [2], we also showed that, under irradiation, a combi-
nation of oxygen and water molecules is needed to create a
rust layer at room temperature. During storage and the
first reversible period of the deep geological repository,
there will be no wet–dry cycle. In order to understand
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better the behaviour of carbon steel under those conditions
and to go further in the interpretation of oxidation
mechanisms, indoor atmospheric corrosion studies were
performed on pure iron, with irradiation and relative
humidity (RH) being the main parameters under study.
The irradiation effect was investigated by using a 3-MeV
proton beam characterised mainly by an electronic stop-
ping power. Relative humidity varies between 0% and
85% for a given proton flux. The corrosion scale is charac-
terised by using Rutherford backscattering spectrometry
(RBS) and X-ray photoelectron spectroscopy (XPS).
Experimental results are discussed on the basis of the Lang-
muir–Hinshelwood (LH) model.

2. Experiments

2.1. Irradiation conditions

Proton irradiations (3-MeV) are performed on the exter-
nal beam line of the 4-MV Van de Graaff accelerator of the
Nuclear Physics Institute of Lyon. The experimental set-up
presented in Fig. 1 was described previously [2]. The beam
is extracted from the vacuum by a 5-lm-thick Havar win-
dow and penetrates in the irradiation cell through the iron
foil. Between the Havar window and the iron foil, protons
go through an 8-mm wet-air gap. At that stage, the proton
energy is 2.75 MeV and corresponds to a linear energy
transfer in iron equal to 55.9 keV lm�1. A sweeping system
allows the homogeneous irradiation of a 5 � 5 mm2 sur-
face. A beam-current measurement is performed with a
beam chopper placed in front of the Havar window. The
beam intensity is set at 10 nA, which corresponds to a high
irradiation flux of 2.5 � 1011 p s�1 cm�2.

The iron foil is the sample on which atmospheric corro-
sion was investigated. Those samples consist of 10-lm-thick
discs (25-mm diameter) made of pure iron (99.985% Fe).

RH is fixed according to the following set-up [2]: dry gas
(20% O2 + 80% N2, or 100% N2) is supplied from a bottle,
whose flow is regulated by a manometer. The dry gas is sat-
urated with water through a bubbling system and is
adjusted to the proper RH value by using an alumina trap.
That value is measured using a Hygropalm humidity con-
troller. The system allows the RH to be set between 0%
and 95%. In this paper, five RH values have been studied:
0%, 20%, 45%, 60% and 85%.
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Fig. 1. Irradiation set-up.
2.2. Surface-characterisation techniques

One of the difficulties of those experiments was to quan-
tify corrosion phenomena, since the testing period was
quite short (less than 1 h) compared to standard testing
conditions performed during atmospheric corrosion exper-
iments that often last several days or even several years.
Standard techniques like weight losses or thickness of the
oxide layer determined by optical observations are not
relevant. After investigation, RBS and XPS have been
selected to characterise the corrosion scale. Before and
after each irradiation, samples were analysed using RBS
with 1.7–3-MeV alpha particles in order to determine
oxygen-distribution profiles.

XPS experiments were also performed in order to char-
acterise the near-surface chemical state of the corroded
layer (iron and oxygen oxidation levels). Samples were first
cleaned up with hexane, acetone and ethanol ultrasound
baths to dissolve the superficial layer polluted mostly by
carbon. In order to avoid any iron-oxide reduction,
in situ surface ion-beam etching was never performed.
Hence, only the very near-surface was analysed. High-
resolution analyses were conducted on iron 2p3/2 and
oxygen 1s signals. XPS measurements were performed with
a SSI S-probe monochromatised spectrometer using Al-Ka
X radiation. The analysed depth ranged from 3 to 5 nm and
the analysed area corresponded to a 300 � 1200 lm spot.
3. Experimental results

Fig. 2 shows the RBS experimental spectra obtained for
the non-irradiated sample and a corroded one irradiated
during 45 min. From those spectra and using the SIMNRA
software [3], oxygen concentration profiles were deduced.
SIMNRA is used to reproduce experimental spectra by
comparing simulated spectra. The latter are built according
to a test-error procedure, assuming the elemental composi-
tion of the target.

The oxygen concentration distributions obtained for the
30 and 45-min irradiated samples are presented in Fig. 3
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Fig. 2. Comparison of RBS experimental spectra corresponding to a non-
irradiated sample (dark curve) and to a corroded one in humid air (light
curve).
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Fig. 3. Comparison of oxygen concentration profiles obtained after irradiation with different air relative humidities.
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Fig. 4. Oxygen gain as function of RH for 45 min irradiated samples.
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for RH values varying between 0% and 85%. These curves
lead to several important and new observations, as follows:

– oxygen profiles are very low and similar with extreme
RH values: 0% and 85%, which means that for both
those RH values, the corrosion rate is nearly the same
and very low. If that result was expected at 0% RH, it
should be more surprising at 85% RH;

– those results show also that iron oxidation already
occurs at a low RH (20%);

– that oxidation reaches a peak for an RH value close to
45%, and decreases at higher RH conditions.

The total amount of oxygen found in the oxide layer has
been plotted in relation to relative humidity for an irradia-
tion time of 45 min. The plot is displayed in Fig. 4 and
shows that the variation goes through a maximum RH
value roughly equal to 45% and that the quantity of result-
ing oxide is low and nearly the same at 0% and 85% RH
under irradiation.

In order to identify the surface-oxidation states of iron
and oxygen, XPS analyses have been performed on irradi-
ated samples at 45% and 85% RH. The obtained data from
a non-irradiated sample are also presented for reference
purposes and called ‘blank’. XPS spectra are displayed in
Fig. 5. On the basis of literature data [4], the binding-
energy positions of the different Fe 2p3/2 and O 1s contribu-
tions have been pointed out in the figure. The iron signal
shows that irradiated samples at 45% and 85% RH corre-
spond to 100% Fe3+, whereas the oxygen peaks are differ-
ent between both samples. It should be noticed also that
carbon pollution is observed in all samples, as already men-
tioned in many XPS studies.

From the oxygen-peak decomposition, the relative
percentages of oxide and hydroxide contributions at the
surface have been determined [5,6], as well as the water
content (absorbed water molecules). They are summarised
in Table 1.

Table 1 shows that the oxide layer is a mixture of iron-
oxide and hydroxide phases at 45% and 85% RH and that
the adsorbed water quantity at 85% RH is three times
greater than that obtained at 45%.
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Fig. 5. (a) Iron 2p3/2 and (b) oxygen 1s XPS signals obtained on the
samples irradiated at 45% RH and 85% RH. Oxygen 1s peak decompo-
sition for a 30 min irradiated sample at 85% RH (c).

Table 1
Relative percentages of the compounds identified by XPS at the near
sample surface

Fe2O3, FeO FeOOH C–O Adsorbed water

Blank sample 41 38 15 6

Irradiated sample
at 45% RH

37 41 17 5

Irradiated sample
at 85% RH

19 42 23 16
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4. Discussion

Atmospheric corrosion is an aqueous-corrosion phe-
nomenon with anodic and cathodic reactions occurring in
the condensed water layer when RH is lower than 100%,
or in the aqueous phase during wet cycles [7]. Under the
experimental conditions of this study, two main cathodic
reactions (1), (2) may be considered:

1=2O2 þH2Oþ 2e� ! 2OH�; ð1Þ
HþðH2OÞn þ e� ! 1=2H2 þ nðH2OÞ; ð2Þ

Cathodic reaction (1) is always involved in atmospheric
corrosion, while cathodic reaction (2) is specific to irradia-
tion conditions and relates to the production of clusters
like H+(H2O)n during the radiolysis of humid air [8]. It
must be emphasised that reaction (2) releases water mole-
cules at the surface of the sample.

Anodic reactions are more often assumed to be:

Fe! Fe3þ þ 3e�: ð3Þ
or=and Fe! Fe2þ þ 2e�: ð4Þ

In a previous paper [2], we have studied the influence of gas
composition (N2 + H2O, N2 + O2, N2 + O2 + H2O) on the
corrosion of pure iron under proton irradiation. In the
experimental conditions of the study, it was clearly demon-
strated that the coupling of O2 + H2O species was a neces-
sary condition to oxidise iron. No oxidation was observed
without oxygen or without vapour. Oxygen and vapour
(O2 and H2O) were required to obtain an oxide layer under
irradiation. Hence, only Eqs. (1), (3), and (4) may be con-
sidered, in a first approximation, leading to the formation
of FeO, FeOOH and Fe2O3.

In order to explain our results displayed in Fig. 4, we
assume that O2 and H2O molecules are adsorbed on the
same active site (Ssurface) of the iron surface. We also
assume that reaction (1) governs the overall reaction kinet-
ics. That leads to consider the LH model for bimolecular
reactions, described by the following equations:

O2 þ Ssurface $ O2–Ssurface; ð5Þ
H2Oþ Ssurface $ H2O–Ssurface: ð6Þ

The adsorption rate of O2 and H2O may be written as
follows:

dhO2

dt
¼ kað1� hO2

� hH2OÞP O2
� kdhO2

; ð7Þ

dhH2O

dt
¼ k0að1� hH2O � hO2

ÞP H2O � k0dhH2O; ð8Þ

where hO2
and hH2O are the O2 and H2O fractional cover-

ages, respectively, which are directly related to partial pres-
sures pO2

and pH2O; ka and kd are the oxygen-adsorption
and desorption rate constants, respectively, whereas k0a
and k0d are the water-adsorption and desorption rate con-
stants.At steady state:

hO2
¼ KO2

pO2
hs; ð9Þ

and hH2O ¼ KH2OpH2Ohs; ð10Þ

with KO2
¼ ka

kd
; KH2O ¼ k0a

k0
d

and hs = 1 � (hO2
+ hH2O).
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Since the corrosion rate, R, is equal to:

R ¼ k � hO2
� hH2O; ð11Þ

where k is a kinetic constant, hence

R ¼ k �
KO2
� pO2

� KH2O � pH2O

ð1þ KO2
� pO2

þ KH2O � pH2OÞ
2
: ð12Þ

Under our experimental conditions, the partial pressure of
oxygen is constant. Consequently, the kH2O � pH2O product,
relating to the RH value, is the only variable.

From Eq. (11), it turns out that for high coverages of
either H2O (hO2

= 0) or O2 (hH2O = 0), the corrosion rate
becomes equal to 0. In addition, Eq. (12) shows that the
corrosion rate, R, goes through a peak.

That interpretation is consistent with our experimental
results. Indeed, as displayed in Fig. 4 and Table 1, iron oxi-
dation is very weak at 0% and 85% RH values. For an RH
equal to 85%, the amount of adsorbed water is close to a
peak, whereas in dry air (RH = 0), oxygen-adsorption is
close to its peak. In both cases, nearly no oxidation was
observed.

In order to discuss the irradiation effect on iron corro-
sion, we have compared the results we obtained under irra-
diation together with atmospheric corrosion results from
the literature [1,9]. That comparison is summarised in Table
2. Without irradiation, the corrosion rate becomes signifi-
cant for RH values higher than 60% and the process reaches
a peak for high RH (often greater than 95%). Those obser-
vations are explained by the formation of a water layer that
starts to form at an RH value close to 60% (40% for some
authors, depending on the properties, roughness, pollutants
of the surface, etc.). The water layer catalyses oxygen reduc-
tion on iron as expressed by Eq. (1) and initiates iron corro-
sion. In comparison, the peak of the corrosion rate under
irradiation is reached at lower RH values (45%).

Those differences between the results obtained with and
without irradiation are explained by the fact that a water
layer (several atomic monolayers) is needed on the iron
surface in order to catalyse the cathodic reaction. It is the
reason with dry air is not corrosive for iron, even if oxygen
is the oxidant of atmospheric corrosion phenomena. Under
irradiation, not only oxygen, but also other oxidants such
as H2O2, O�2, etc., which may be produced by radiolysis,
will be involved in the cathodic reaction, only if they are
dissolved in a water layer on the iron surface. They occupy
probably the same active sites as oxygen and water.

On the other hand, under irradiation, the formation of
H+(H2O)n clusters is induced by wet air radiolysis [8].
Table 2
Irradiation effect on iron corrosion

Under
irradiation (%)

Without
irradiation [1,9] (%)

RH required for corrosion
initiation

<20 60

RH of maximum of
corrosion rate

45 95
The migration of the electrical charges carried on by
protons under irradiation induces an electrical field in the
sample, which has the same direction as the beam. In a pre-
vious paper [10], we have used the point-defect model [11]
in order to estimate the electrical field, E, at 168 V cm�1.
We may assume that the electrical-field gradient increases
the adsorption rate of those clusters. It also enhances their
dissociation in nH2O and H+ species, the H+(H2O)n clus-
ters being attracted to the surface of the sample. Hence,
the fractional coverage of the water is more important
under irradiation than without at a similar RH and that
may explain why differences were observed between our
experimental results and those obtained under atmospheric
corrosion. The explanation regarding the effect of clusters
is consistent with the decrease in the corrosion rate
observed at high RH under irradiation (Fig. 4) and with
the minor role played by oxidising species produced by
water radiolysis, even if they probably enhance corrosion
phenomena when a water layer is present on the iron
surface.
5. Conclusion

The evolution of the oxidation curve (Fig. 4), which
shows nearly no atmospheric corrosion of iron under irra-
diation at 0% and 85% RH, has been explained using the
LH model: the formation of H+(H2O)n clusters contributes
to the saturation of adsorption sites at the surface of the
sample by water molecules and explains the low corrosion
at high RH. Moreover, under irradiation, the RH influence
on the corrosion rate has been shown to be different from
the one without irradiation: maximum corrosion is
observed at 45% RH under irradiation while, that peak is
generally observed at RH values of 95% or higher when
there is no irradiation. Under irradiation, the beginning
and the peak of the corrosion process are observed for
low RH values (i.e., where nearly no atmospheric corrosion
is observed without irradiation): once again, that phenom-
enon is explained by H+(H2O)n clusters that contribute to
the formation of a water layer on iron and to the cathodic
reaction (2), even if probably oxidant species, such as O2,
H2O2, etc., are also involved in cathodic reactions and
increase corrosion phenomena, but only when the water
layer is formed on the iron surface.

Those results do not represent only an important step in
forecasting the atmospheric corrosion behaviour of iron
overpacks for radioactive waste-disposal purposes, they
also have to be applied to the understanding of atmo-
spheric corrosion phenomena under and without
irradiation:

– those results confirm the major influence of the water
layer in atmospheric corrosion;

– the importance of adsorption sites is not addressed very
often, but has been shown to play a major role, at least
at the beginning of atmospheric corrosion.
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