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Abstract:

This work aims to study the effect of radiolytic species induced by water radiolysis on the passive
behavior of 316L stainless steel. For this purpose, the stainless steel/neutral and aerated 0.02 M NazSOa,
electrolyte solution interface was irradiated with ﬁroton beams. A wide range of energies between 2 and
16 MeV was selected, varying the maximum of the energy deposition between 0.5 and 122 um in water
from the interface.

The irradiation experiments were performed at the CEMHTI cyclotron in Orléans and the 4 MV Van de
Graaff accelerator at IP2l in Lyon (France). A dedicated irradiation device implemented with a 3-
electrode cell dedicated to perform electrochemical measurements allows to measure the surface
reactivity of the stainless steel as a function of the irradiation conditions. Results show that whatever the
beam energy, the corrosion potential remains unchanged. It indicates that the very short-lived, highl
reactive radiolytic species drive the corrosion potential and not only the recombination products suc
H20: or Hz. The stainless steel remains in the passive state whatever the irradiation conditions. However,
it is shown that, during irradiation, the passive film is less protective. This evolution is attributed to
radiolysis of bound water molecules in the passive film.

Introduction

In pressurized water reactor vessels, metallic materials such as austenitic steels, are subjected to multi-
phg/sical solicitations (irradiation, temperature, corrosion...). The coupling of these solicitations can
induce accelerated damage [1-3] such as stress corrosion cracking (SCC§ [4-15]. A significant stress can
come from the tribological processes (sliding, frettin(};{ impact... )[16], the corrosion induced by the
contact between the steel and the primary liquid and the influence of the radiative environment of the
reactor core.
Moreover, there is an indirect influence of irradiation on the evolution of the substrate. Damage effect on
the steel is mainly due to neutron irradiation [17-19], but most of all, the chemical reactivity of the system
is modified by the radical, ionic and/or molecular species, generated by the radiolysis of the primary
liquid. The radiolysis process has already been widely studied by considering aqueous solutions [20]. The
balance of pure water radiolysis is represented by the global reaction (R.1) ?20-23]:

ionizing radiation
H20 €aq, HO’, H*, HO2’, H30*, OH", H202, H2 (R.1)
Where e74q is the hydrated, or solvated electron. This species, observed for the first time in the 60's [20],
is described as an electron stabilized by a cluster formed with water molecules. More recently, this species
has been extensively studied. Time-resolved studies mainly relied on Charge Transfer To Solvent (CTTS),
using femtosecond UV laser pulses provide very important insights into the thermalization and solvation
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of electrons. Complementary insights are obtained through multiphoton excitation of water at various
central wavelengths. It can be assumed that the thermalized hydrated electron is now well characterized
experimentall F24-27 .

Three stages [20-23] classically describe the radiolysis of water, called respectively the Physical (0to 10
15 5 after the passage of radiation), physicochemical (102° to 10°2 s) and chemical (104 to 10 s) stages.
The values of the reaction kinetic constants are used to characterize the kinetics of the chemical dynamics
of radiolysis. Many works compile them (for example L23, 28-31]). Globally, they vary from 107 to
2x10%° Lmol™t.s?. R. S. Lillard et al. [32] point out that the lifetimes of many of these species are in the
microsecond to nanosecond range.

In order to determine the role of radiolysis products in the reaction mechanisms of chemical
transformations at the material surface, it is necessary to know the transport properties of the different
formed species. A. J. Eliott [33], J. W. T. Spinks and R. J. Wood [21] have reported diffusion coefficient
values close to a few 10-° m?s ! for the principal radiolysis products from the literature. From these
values, S. Moreau et al. [34] were able to estimate that the maximum distance traveled by the HO" radical
was of the order of 60 nm to 100 nm before being scavenged by the surface of a porous sample of
Hastelloy or 316L stainless steel. Therefore, in the case of contact between a solid and an irradiated liquid,
it is commonly accepted that radical products only play a role if they are produced very close to the
interface. On the other hand, molecular products (H202 or H if the latter remains in solution) can
contribute to chemical transformations over longer distances.

In addition, in a study where water radiolysis 1s induced by gamma radiation, J.M. Joseph et al.[35
sought to demonstrate which reactions were most significant in establishing the steady state. They showe
an important role of dissolved oxygen, the latter impacting the concentrations of radiolysis products.
Similarly, pH also plays a role when it is below 5 and above 8. Between 5 and 8, the concentration of
radiolysis products at steady state appears to be minimally affected. In aerated water, the concentrations
of H>O> and H: at steady state are higher than in the absence of oxygen. This increase in concentration
occurs at the expense of the concentration of HO® and solvated electrons. While these conclusions are
ver?/ interesting, they were nevertheless obtained under gamma radiolysis. Moreover, the radical and
molecular species modify the Rededproperties of the solution where they are produced. The impact of
radiolysis on the evolution of solid/liquid interfaces is to date little studied and poorly known.
Nevertheless, very interesting works have been carried out in confined environments. Energy transfers
can take place between the solid and liquid phases, increasing or decreasing the production rates of
radiolytic species [23, 34, 36-42]. The interface can be described as consisting of both superproduction
sites and radiolysis product scavenge sites [34]. In particular, the role of surface hydroxyls is highlighted
in several studies [23, 41]. By using porous solid samples with high specific surface area (porous silica,
with controlled pore sizes ranging from 8 nm to 300 nm in diameter), it was observed an increase in the
production of HO" [38, 39, 42], e'aq [36-38, 43], H2 [23, 36-38, 40, 41] and H202 [42] within the pores.
The mechanisms proposed by the authors are essentially based on the transfer of energy from the solid to
the liquid from the diffusion of a specific defect, the exciton, characterized in insulating or semiconductor
materials [44]. The exciton can be self-trapped (STE for Self-Trapped Exciton), leading to the creation of
highly distorted sites. STE could have several roles in the mechanisms of radiolytic species production.
If the trapped electron still crosses the solid/liquid interface of the pores, it can induce the creation of the
solvated electron, itself a precursor of Hz [36, 37]. An alternative mechanism proposes that positive holes
h* can also cross the interface to form HO". These latter radicals are precursors of hydrogen peroxide,
whose production is very dependent on the dose rate.

For metallic materials [34(], the overproduction of HO" at the interface can also be scavenged by the solid
surface with yields depending on the metal itself. The passive film thickness of the 316L stainless steel is
in the order of few nm which is considered too thin by the authors to modify the HO® production rate.
Three points of attention for corrosion studies are highlighted, among which one is particularly relevant
in this paper: Can the HO" radical reaction at the surface modify the transport within the passive layer or
does it simply modify the redox potential of the solution?

Visual observation [45-48] of a 316L stainless steel and FeCrAl surfaces show clear differences
depending on whether the area was irradiated and placed in contact with radiolysis products or only placed
in contact with radiolysis products. These results seem to prove that radiolysis of water and irradiation of
the material have coupled effects that impact the corrosion mechanisms of the materials.

In our previous work, we have demonstrated the ability of passivation of the 316L stainless steel under
and after irradiation and under friction (tribocorrosion under irradiation) [49, 50] thanks to the original
design of the experimental device. This device will be described again further. It allows altering the
sample surface by applying a friction using an alumina pin. The radiolysis products are created near the
stainless steel/aqueous solution interface. The evolution of the 316L surface reactivity is evaluated by
measuring the corrosion potential, the polarization curves and by performing electrochemical impedance



spectroscopy (EIS) at corrosion potential. The analysis of electrochemical impedance diagrams using the
Power Law Model (PLM) [51-53] allows us to obtain the resistivity profile in the passive film thickness,
related to its physicochemical properties L54, 55?1.
In brief, the previous study [49, 50% has shown that:

(i) There exists a synergy between friction, irradiation, chemical evolution of the aqueous medium due to
water radiolysis and corrosion of the stainless steel.

(if) The value of the corrosion potential in the stationary state (i.e. in the presence of a passive layer)
increases rapidly (within a few minutes) from the beginning of irradiation. The corrosion potential then
remains constant during the whole irradiation and evolves again as soon as the proton beam is cut off.
This second increase is not strictly identical for all samples.

(iii) The current density in the passive domain is enhanced under irradiation and radiolysis. This seems
to show that the passive film is less protective during irradiation.

(iv) The nature of the passive film remains unchanged by irradiation and radiolysis. It is probably an
oxyhydroxide. The film is commonly described [56] as a duplex structure composed by the inner layer
(mainly of Cr203) and the outer oxy Kdroxide layer enriched in iron and chromium. On the other hand,
the determination of the passive film thickness using the PLM allows us to state the hypothesis that under
irradiation and under radiolysis, the outer layer becomes thicker while the inner layer thickness becomes
thinner. The protective properties of the stainless-steel passive film then evolve, as they are directly
related to the presence of the Cr2O3 layers.

The objective of the present paper is to further understand the role of radiolysis at the 316L/solution
interface, particularly the role of radical species on passive properties of the stainless steel. The results
were obtained without friction, using the same experimental set-up %ee Supporting information).
Irradiation experiments were performed with a proton beam produced by the cyclotron at CEMHTI
(CNRS, Orléans, France?] or by the 4 MV Van de Graaff accelerator at IP2I (CNRS/University Lyon 1,
Villeurbanne, France). The advantage of ion beams is that the position of the maximum energy deposition
can be precisely controlled. In this study, the energy deposition, and thus the production of radiolysis
products, is performed close to the sample surface In order to study its impact on chemical phenomena
occurring at the interface.

Results and Discussion

Irradiation conditions are explained in detail in the Supporting Materials section. Here are the
highlights. Two configurations of irradiation conditions were used. In both cases, solutions are
irradiated in aerated conditions at a pH equal to 6. In the first configuration, 500 pum-thick
samples were irradiated with 16 MeV protons at 10 nA for one hour. Under these conditions,
the protons have an average kinetic energy equal to (2.7 £ 0.5) MeV at the steel/electrolyte
interface. The protons travel an average distance in water, denoted Rw, equal to (122 + 43? pm
if the uncertainty of the sample thickness is neglected. These irradiation conditions will be
referred to as Reference Conditions in the remainder of this paper. The second configuration
will be referred to in the remainder of this article as IP2l irradiations. 30 um thick samples were
irradiated with 2.0, 2.2, 2.7, 2.8 and 3.0 MeV protons. At the first two energies, the protons did
not penetrate the steel foil. For energies between 2.7 and 3.0 MeV, protons penetrate the
solution at average distances between (0.5 + 1.7) and (22.0 + 3.7) pm. The evolution of the
solid/electrolyte interface was monitored using electrochemical techniques: corrosion potential
measurement, polarization curve and electrochemical impedance spectroscopy. Finally, proton
bear_n-ir)1duced damage to the 316L steel samples was negligible (see Supporting Materials
section).

Evolution of the corrosion potential of the 316L stainless steel in irradiated solution

Under these irradiation conditions, the energy deposition in the electrolyte near the interface varies for
each incident energy (see Supporting Materials), and consequently so does the amount of formed
radiolysis products. The value of the corrosion potential of 316L steel is expected to be different for each
experiment. Figure 1 shows the evolution of the corrosion potential for the different proton energies.
Results I:)Iotted in Figure 1a were obtained using the reference experimental conditions. The corrosion
potential value in the presence of a passive layer increases rapidly from the start of the irradiation until a
Blateau is reached. Then, it evolves again as soon as the proton beam is cut off, towards a nobler potential

efore stabilizing and then slowly decreasing. This curve has the same shape as the one described in the
introduction, published in [49].



Figure 1b shows two different evolutions depending on whether the protons pass through (2.7 MeV to
3 MeV) or are stopped in the sample (2.0 and 2.2 MeV). After a rapid increase of the corrosion potential,
the potential increases very slightly as a function of time, in contrast to the reference experiment which
exhibits a plateau. This slight increase may be related either to the temperature increase of the sample
during the energy deposition or to a slight irradiation effect as observed b?/ P. L. Airey during irradiation
by gammas or by electrons in an acid medium on(salatinum [57, 58]. In all cases, these two experiments
show the observed potential differences are indeed linked to the aqueous solution irradiation (i.e. to the
radiolysis of the water) and not to the irradiation of the sample. Let's recall that with accelerated protons,
energy deposition traces in water overlap starting from a LET of 20 keV/um[59], which is the case in our
experiments (see Table S.1 in Supporting Materials section). This overlap increases the molecular
radiolysis product yield (H2, H202). The yields of radical radiolysis products decrease with increasing
LET, except for the HO> ‘radical, which sees its yield increase. At the pH of our experiments, the HO>*
radical exists predominantly in its Oz *~ form [60].
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Figure 1: Corrosion potential evolution for (a) reference irradiation conditions and (b) IP21 irradiation conditions. The
error bar is estimated to 0.01 V.

Between 2.7 MeV and 3.0 MeV, when protons cause radiolysis of the aqueous solution, the potential
increase is always observed (LJE ~+ 0.1 V). The slight potential increase equal to 0.01 V observed
between 2.8 and 3 MeV is within the error bar of 0.01 V and is therefore not significant. These results
confirm those already obtained in the literature, such as for example, by R. S. Glass et al. [61] and G. P.
Marsh et al. [62] under gamma irradiation or by other authors under proton irradiation [45, 63, 64]. E.
Leoni et al. [63] attributed the potential increase to the presence of hydrogen peroxide, which is a
metastable radiolysis product in solution, as well as to the HO" radical. More recently, with a proton beam
of 6 or 22 MeV Kinetic energy (at the interface) and in an aqueous solution representative of the primary
liquid under high pressure and high temperature, B. Muzeau et al. [64] and M. Wang et al. [45] also
observe an increase in the potential of the stainless steel under irradiation. This increase depends on the



temperature and the irradiation dose. They also note that the presence of dissolved H», added before
irradiation, decreases the oxidizing effect of water radiolysis. Finally, E. Leoni et al. [63] showed that for
stainless steels under irradiation ?6 MeV protons at the solution/sample interface; aerated or deaerated
solutions), the Oz, H202, HO2, HO®, HO>" and O™ species have oxidizing properties. It can be noted that
the short-lived radiolytic species (lifetime lower than 1 ps) can only play a role at the interface considering
their diffusion coefficients displayed in Table 1. The 3D diffusion radii have been estimated for each
radical species considering a lifetime of radicals of up to 1 ps. This time corresponds to the order of
magnitude of the end of the chemical stage of radiolysis. It should be noticed that the irradiation
parameters of our reference conditions are close to those used by E. Leoni et al. and M. Wang et al.

Table 1 : Diffusion coefficients D of the main radiolysis products in water at 25 °C, compiled from [21, 33]. Dr is the
3D diffusion radii for radical species, calculated using Dr = v6.D. t, where t is equal to 1 ps.

Species D (10° m2/s) Ref. Dr (um) Species D(10°° m2/s) Ref. Dr (um)
4.9 [21] 0.17 2.1 [65]
g 45 [65, 66] 0.16 0> 2 [66]
4.82 [67] 0.17 2.4 [67]
7 [67, 68] 0.20 ”3 [67]
2.3 [21]
HO* 28 [65, 66] 0'%)2&13 H* gg [6%76]6]
2.2 [67, 70] ' '
15 [21] 0.09
or- 2.1 [65, 66] 0.11 OH 553 [6%76]6]
4.82 [70] 0.17 '
2 [65, 66] 0.11
He 458 [6;'0?6] HO> 14 [69] 0.09
' 23 [70] 0.12
HO;" 2 [59, 60] 0.11

When the 3 MeV irradiation is stopped, a smaller second potential increase is visible (Figure 1b) in
contrast with the reference conditions (Figure 1a) where a more significant increase is observed. This
electrochemical behavior has also been observed, or even guessed, by other authors [61, 63, 64], without
being discussed. We assume it is related to the consumption of short-lived radiolysis products (e aq, H',
HO*, O2""). The evolution of corrosion potential towards more anodic values, could be attributed to the
stopping of the production of radiolytic reducing species (H2 and e7q). Further experiments and modeling
are necessary to confirm this hypothesis.

The role of H> on the corrosion potential of stainless steels has been discussed in the literature. During
irradiation, H> can play a more or less key role, according to the authors. R. S. Glass et al. [61] have
shown that H> had a weak influence on the potential value of 316L or 304L stainless steels placed in
contact with a hydrogenated solution and in the presence of hydrogen peroxide. They attribute this result
to the low dissociation rate of H> on the sample surface, implying a weak electrochemical response
compared to that of H20,. The authors cannot conclude on the role of H*, which refers to one of the three
points of attention stated by S. Moreau et al. [34]. R. S. Glass et al. do not mention the solvated electron.
M. Wang et al. [45] also observe the influence of H2 by showing a less marked oxidizing response at
300 °C with a higher pressure of dissolved dihydrogen than at lower pressure. Moreover, R. S. Lillard et
al. [32, 71] highlight the role of dihydrogen on the corrosion of Inconel, 304L and 316L stainless steels,
tungsten, gold and tantalum duriné; irradiation by 800 MeV protons. Indeed, for stainless steel samples,
the corrosion rates are lower with dissolved dihydrogen than without. On the other hand, for other metals,
such as gold, no effect is shown.

Moreover, in the literature, E. Leoni et aI.[63I] use the Na>SOg4 electrolyte for their radiolysis study at the
interface with steel, without specifying the role of SO4? radiolysis. Nevertheless, P. Bouniol et al. studied



the radical sulfur radiolysis in cementitious matrices containing sulfides[72]. Sulfur chemistry is diverse,
with oxidation states ranging from - Il to +VI and numerous species sensitive to pH. The sulfate ion and
its sulfur at the +VI oxidation state are no longer susceptible to oxidation. However, they are likely
sensitive to reduction by certain radical species depending on the chemistry and radiation conditions.
Furthermore, the Na;SO4 concentration of 0.02 M is significant enough to impact radiolysis mechanisms
and deserve further investigations.

In conclusion, Figure 1 demonstrates the influence of water radiolysis on the corrosion Fotential of 316L
stainless steel. The passivation seems to be favored, which is highlighted by the potential increase to more
anodic values. The second potential difference observed when the irradiation is stopped shows the
establishment of a new stationary state related to the consumption of short-lived radiolysis products. From
the point of view of the interface, it is important to note that the variation of the ﬁroton ener}gy deposition
(and thus of the Bragg peak — interface distance), even small, does not change the values of the obtained
potential. It seems therefore that the phenomena taking place at the solid/liquid interface are predominant
In the establishment of the stationary state obtained when the solution is radiolysed.
Thus, two questions may arise from these results:

1) Does the stainless steel remain passivated during irradiation?

i1) Does the system change from the passive to the transpassive regime as observed by P. Wang et al.[48]
in their study on the corrosion of FeCrAl alloys in hydrogenated water? The latter study is based on the
theoretical evaluation of the system ﬁotential value, putting it into perspective in the Pourbaix diagrams
of Fe and Cr, calculated at 300 °C. These results were obtained at high temperature and high pressure and
complement those obtained by S.S. Raiman et al. [46, 47] and R. D. Hanbury et al. [73] on 316L stainless
steel. All these authors have characterized a thick oxide layer at the surface composed by an inner oxide
rich in Cr (Cr spinel layer, rich in Fe and Ni) acting as a barrier to oxygen diffusion and an outer iron
oxide (magnetite or hematite depending on the potential). The role of radiolysis of the solution, with a
composition close to that of the primary liquid of a PWR or BWR, seems to facilitate the dissolution of
Cr from the inner oxide.

The following section aims to answer these questions.

Global kinetic and thermodynamic approach of the system

As a reminder, the passive film is a duplex oxide consisting of a chromium oxide rich layer in contact
with the metal and of a mixture of iron oxide and hydroxide In contact with the solution. Nevertheless, as
written by S. Marcelin et al. [54], the passivation ability of metallic materials is governed by the Kinetic
formation of the passive films and their physicochemical properties that allow their maintenance
conditions [74]. It is therefore necessary to complete the thermodynamic approach with a kinetic vision
of the system. C. Boissy et al. L74] and B. Normand et al. [75] point out the interest of polarization curves
to obtain information about the passivation ability of the materials and the range of existence of the
passive film. Figure 2 shows the polarization curves obtained under reference conditions (cathodic and
anodic branches are obtained consecutively).

Limiting O —— Under irradiation
0,01 5 2 With irradiati
diffusion region —— Without irradiation
0,001 4 .
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Figure 2: Polarization curves obtained for the 316L stainless steel in contact with a Na2SOa4 solution, 0.02 M. In black,
the results obtained without irradiation, in red, the results obtained under proton irradiation in the reference conditions.
MSE: Mercury-mercurous sulfate Electrode, sweep rate =1 mV/s



This figure firstly allows us to determine the values of the corrosion potential for the two conditions:
- 0.54 VIMSE (+ 0.11 V/SHE) without irradiation and - 0.37 V/MSE (+ 0.28 VV/SHE) under irradiation.
The potential difference measured in Figure 2 is equal to AE = + 0.17 V. It is of the same order of
magnitude as in Figure 1a. However, the measurements were performed on a different sample, which
may account for the observed discrepancy. In addition, the shape of the curve provides information about
the passivity of the surface of the 316L stainless steel. The passive domain is clearly defined on the anodic
curves obtained without irradiation (black curve). The end of the passive Flateau can be placed at about -
0.24 VIMSE (+ 0.41 V/SHE). Under irradiation, the corrosion potential is located within the passive
plateau, even if it is close to the beginning of the transpassive domain. From a purely kinetic point of
view, as previously published [49], It is important to note the difference in current density between the
polarization curve obtained under irradiation and that obtained without irradiation. Maintaining the
passive film therefore induces greater dissolution of the material under irradiation that could confirm the
presence of defects or thinning of passive film.

From a purely thermodynamic point of view, the Pourbaix diagrams [76] (Figure 3) confirm these
observations. The potential difference [JE = + 0.17 V is noted by the blue arrow in the figure for a pH
%qual to 6. As expected, there is no change of domain neither for the Pourbaix diagram of Fe, nor that of

r.

In conclusion, under the reference irradiation conditions, the stainless steel remains in the passive domain.
Nevertheless, the difference in passive film sustaining current with and without irradiation may suggest
an evolution of the passive film under irradiation. This point will be discussed in the next section.

Behavior of the passive film under irradiation

Figure 4a shows the impedance modulus and the phase angle as a function of frequency. The
experimental data have been corrected by electrolyte resistance to highlight the dependence of phase on
frequency [53]. The measurements under irradiation and after irradiation were repeated respectively 3
and 4 times and we observed a very good reproducibility.

The impedance diagrams are characterized by two-time constants. The low frequency time constant is
attributed to the charge transfer at the passive film/electrolyte interface and the high frequency time
constant is attributed to the response of the passive film. According to the literature, the passive film is
thicker under irradiation [49, 55]. This increase in thickness is reversible as soon as the irradiation is
stopcfed. We have assumed from [77, 78] that the thinner the film, the more protective it is. Under
irradiation, the passive film may be less protective since it is more defective [49, 54]. Indeed, under
irradiation, the thickness of the chromium oxide layer clearly decreases, a link can be made with the
results of S. S. Raiman, R. D. Hanbury and P. Wang et al. [46-48, 73] recalled above.

The low frequency evolution of the spectra in Figure 4a is not yet explained. To better understand this
evolution, spectra were acquired without irradiation at cathodic potential (Figure 4b), from the corrosion
potential of the sample (-0.4 V/MSE) to the oxygen diffusion plateau (-1.1 V/MSE) (see the blue dashed
part of the polarization curve Figure 2). This plateau is observed because the diffusion of dissolved
oxygen in the solution limits the reaction rates. For the last potential (blue curve, - 1.1 V/MSE), the
passive film is reduced (Figure 2). It is striking to note that, at low frequency and for this potential, the
evolution of the phase as a function of time (Figure 4b) has the same shape as the evolution of the phase
acquired under irradiation (red curve, Figure 4a). However, the spectrum obtained without irradiation is
characteristic of a reduced passive film whereas, under irradiation and reference conditions, and based on
the polarization curve (Figure 2), the material should be passivated. It should be mentioned that the high
radioactivity of stainless-steel samples at the end of irradiation under reference conditions prevents post-
mortem characterizations of the passive layer. Nevertheless, the existence of the passive layer can be
demonstrated by monitoring the corrosion potential under tribological conditions and under irradiation.
Figure 5 shows the evolution of the corrosion potential of a stainless steel sample placed in contact with
the electrolyte
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Figure 4: a) Electrochemical impedance diagrams in Bode coordinates obtained: (a%be_fore,_during and after irradiation
under reference conditions and at corrosion potential and b) without irradiation obtained in the cathodic domain from

- 0.4 VIMSE (corrosion potential of this sample) to -1.4 V/MSE (potential located in the limiting O diffusion region).

The full symbols are related to modulus values and the empty ones are related to the phase va?ues. The red lines are
used to guide the eye.
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Figure 5: Evolution of corrosion potential for a 316L stainless sample in contact with a non-irradiated and then
irradiated Na;SOs_ solution (preliminary result). The transient spotted by * corresponds to the
depassivation/repassivation of the surface without irradiation and the transients spotted by + corresponds to the
depassivation/repassivation of the surface during irradiation under reference conditions.

This curve is a preliminary result of the tribocorrosion studies under irradiation of 316L steel. After the
sample preparation protocol, the corrosion potential value tends to -0.37 V/MSE. Following a back-and-
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forth movement of the alumina pin on the sample surface, a potential transient is observed (spotted by *
in Figure 5). Following the passive film stripping, the metal comes in contact with the solution, which
results in a sudden drop in potential. Then, the surface repassivates, and the film is reconstructed as
already observed in other studies [49, 79, 80]. The potential then recovers its initial value. Att ~ 600 s,
the irradiation in the reference conditions starts, leading to a potential difference. The stationary state is
reached for a potential value of about - 0.25 V/MSE. From t =~ 1250 s, the pin moves back and forth on
the surface of the sample. Potential transients are observed (spotted by + in Figure 5). The existence of
these transients is the signature of the stainless steel repassivation.

If the presence of a passive film under irradiation in the reference conditions is well observed, the
electrochemical impedance spectra make it possible to assert that the passive film is degraded and made
up of a weak protective layer of chromium oxide [49, 50, 54]. The radiolysis of the aqueous solution pla%/s
a role in the evolution of the passive film under irradiation. It is then logical to wonder whether the
radiolysis products play a role in the first layers of solution in contact with the stainless steel or in the
passive film itself by the radiolysis of bound water in the passive film, as described by G. Okamoto [81].
Indeed, this author underlines that the most important parameter for controlling the corrosion resistance
of steel is the amorphous nature of the film in which bound water is included. Bound water could be
compared to water confined in porous solids which has been the subject of several studies [34, 36-42].
These results allow us to propose the hypothesis that chemical transformations under radiolysis take place
in the passive film and not only in the first layers of water adsorbed on the sample.

Conclusion

The aim of this work was to specify the role of radiolysis of water at the solid/solution interface. It is a
first step in the understanding of tribocorrosion of stainless steel under irradiation in contact with a liquid
also irradiated. The irradiation device used in this work allowed to irradiate an aqueous solution as close
as possible to the water/steel interface. By varying the proton energy, the maximum of the Bragg peak
could be placed at different distances from the interface. This variation did not lead to a variation of the
electrochemical potential difference of the system.
The results show that:
(i) the radiolytic phenomena taking place at the solid/liquid interface are predominant in the
establishment of the stationary state obtained when the solution is radiolysed. The short-lived
_radidqusis products seem to participate in the establishment of the stationary state observed under
irradiation.
(if) This system driven by the kinetics of the passive film formation and its physico-chemistry under
irradiation does not evolve towards the transpassive regime but remains in the passive domain.
(iii) A passive film does remain under irradiation. The latter displa)éing a thinner chromium oxide
layer shows degraded properties under irradiation. Radiolysis of the bound water in the passive film
seems to play an important role during the passivation of stainless steel under irradiation.
In the perspective of this work, it will be necessary to study the chemical mechanisms occurring at the
interface, for example by using pulsed beams.
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Supporting Information

1. Samples

A commercial 316L austenitic stainless steel material supplied by GoodFellow, is composed of C (0.02
wit%), Si (0.49 wt%), S (0.001 wt%), P (0.035 wt%), Mn (1.79 wt%), Ni (10.1 wt%), Cr (16.7 wt%), Mo
2.03 wt%), balanced with Fe, was used In this study. The samples were 30 um or 500 pum-thick discs of
4 cm diameter (S =12.5 cm2).

2. Tribocorrosion device under irradiation and electrochemical measurements

2.1. Tribocorrosion device under irradiation

A diagram and a photo of this device are presented respectively in Figure S.1 (a) and (b). This cell is
placed at the outlet of an ion accelerator. The sample serves as a beam extraction window between the
vacuum and the aqueous solution (here, an electrolyte consisting of an aqueous solution of Na;SO4, 0.02
M). The kinetic energy of the incident protons is chosen so as to stop the ions as close as possible to the
stainless steel/solution interface on the solution side. The species resulting from the radiolysis of water
are thus produced in the vicinity of the sample surface. If necessary, a friction movement is performed by
using an alumina pin which mechanically reduces the 316L passive film. All these experiments are
performed at corrosion potential in an aerated and neutral aqueous solution of sodium sulfate (0.02M)
and at room temperature.

The electrochemical behavior of the 316L stainless steel is evaluated by using electrochemical techniques,
which allows in situ measurements.

Remote
@ control

Beam H*

Electrolyte
Steel 316L(500um) (Na,SO,: 0,02 mol/L)

Figure S.1: a) Schematic representation of the irradiation cell and b) Photo of the cell placed at the end of the
external beam line at CEMHT] cyclotron, Orléans, France [50].

2.2. Electrochemical measurements

A classical three-electrode setuP Is connected to a potentiostat GAMRY Ref600. The working electrode
is defined by the stainless-steel sheet (15 cm?2), the counter electrode is Pt (50 cm?) and the reference
electrode is a mercurous sulfate electrode (or MSE, Eref = 0.64 V/SHE). The potential sweep rate for the
polarization curve is 1 mV.s™ to ensure the reversibility of the measurement. The potential sweep limits
are -0.5 V vs Ecor in the cathodic domain and +1.5 V vs Ecorr in the anodic domain.

The measurement of the corrosion potential over time was carried out to characterize the material surface
evolution. When the solution does not exhibit modifications in terms of temperature or species
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concentration, the surface material tends to be passivated when the potential increases, or to be corroded
when the potential decreases significantly. The polarization curves provide information on the cathodic
and anodic domains, as well as on range of potential existence of the passive film. The evolution of current
density gives information on electrochemical reaction kinetics [53].
The in-situ study of the stainless-steel passivation during irradiation is possible from the EIS
measurements. To realize these measurements, the electrochemical behavior of the material must be in a
stationary regime which was achieved in the absence of friction.
To ensure the reproducibility of the electrochemical measurements, the surface of the material was
subjected to an electrochemical protocol in order to remove the preexisting passive film formed in the air.
This protocol consists of four steps:
i) Corrosion potential measurement for 600 s
i1) application of the potential of -1.5 mV/MSE for 600 s to partially reduce the passive film formed
in contact with air.
(iiiR monitoring the evolution of the corrosion potential for 600 s in order to relax the cathodic
polarization.
(iv) polarization of -330 mV/MSE applied during 3600 s.
After this conditioning, the evolution of the corrosion potential is recorded for one hour until it reaches a
value of about -330 mV/MSE. This value corresponds to the corrosion potential of the material in the
passive state, immersed in the neutral and aerated sulfate solution used in this study.

2.3. lrradiation conditions

Reference experiment with 16 MeV protons

In this paper, the irradiation conditions used in the previous study [49] performed at the CEMHTI
cyclotron will be referred to as reference conditions. As a reminder, a 16 MeV proton beam of 10 nA
intensity (i.e. a flux equal to 6.24x10° H* s) is used. Before being extracted from the vacuum to the cell,
the protons first pass through an ionization chamber which allows monitoring the beam during the
experiments. This chamber I1s made of three 27.17 pum thick titanium foils. The incident protons then
irradiate the 500 pum thick sample and penetrate the solution. The irradiated surface is equal to 50 mm?
(which corresponds to a flux of 1.25x10* protons.cm.s). Under these conditions, protons lose about
0.75 MeV in the three titanium foils and then 12.3 MeV in the stainless-steel foil. The incident ions have
an average kinetic energy of (2.7 £ 0.5) MeV at the stainless steel/solution interface. Figure S. 2 shows
the Lineic Energy Transfer (LET) and proton range in these irradiation conditions, obtained from a SRIM
simulation [82]. The three titanium sheets are modeled by a single foil of 81.51 pum thickness.
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Figure S. 2: a) Proton energy deposition in the system (3 x 27.17 élm Ti + 500 pm 316L stainless steel + water), and b)
Proton projected range in the same system - SRIM calculations [82]

Fi?ure S. 2(a) shows that the LET in water is equal to 32.9 keV.um™ at 5 um from the interface. This
value decreases to 14.1 keV.um™ at 14 um from the interface. The energy deposition beyond the interface
varies, as a function of depth, in the form of a distorted Gaussian that corresponds to the Bragg peak. In
Figure S. 2(b), the projected range of the 16 MeV protons through titanium, stainless steel and water is
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equal to (704 = 43) um. The protons travel an average distance in water, denoted Rw, equal to (122 + 43)
pm if the uncertainty of the sample thickness is neglected.

The proton damage in the stainless steel foil is estimated with SRIM [82] to be approximately equal to
2x107° dpa.s™ (7.6x10° dpa for 1 h) at the foil entrance and 9x10° dpa.s* (3.3x10"° dpa for 1 h) at the
steel/solution interface. Under these conditions, S. S. Raiman et al. [46, 47] consider as negligible the role
of the material damage compared to the influence of the agueous solution radiolysis. These observations
are confirmed by R. D. Hanbury et al. [73] who, based on [83, 84], attribute the beginning of the influence
of irradiation damage on corrosion to 0.5 dpa. In conclusion, we assume that the influence of the sample
damage is negligible in our experimental irradiation conditions.

In order to highlight the influence of the radiolytic species concentration, the depth of the Bragg peak
maximum corresponding to the maximum of proton energy deposition in water (and thus to the maximum
of radiolytic species production) had to be modified. Indeed, this modification induces the evolution of
the chemical activities of the radiolysis products at the steel/solution interface. It is characterized by the
measurement of the corrosion potential of the sample. The electrochemical potential is directly linked to
the activities of the electroactive species by the Nernst law. Thanks to experiments performed at the 1P2I
4 MV Van de Graaff accelerator, the incident proton energy can be easily modified. The next section
presents the irradiation conditions.

Experiments at the IP2] 4MV VDG

Irradiation with protons of about 3 MeV requires the use of 30 um thick samples. The beam intensity and
the irradiated surface are the same as in the reference experiment, respectively 10 nA and 50 mm?. Five
kinetic energies were chosen: 2.0 MeV, 2.2 MeV, 2.7 MeV, 2.8 MeV and 3.0 MeV. Table S 1 summarizes
the different projected ranges in the sKstem (30 um stainless steel + aqueous sodium sulfate solution)
calculated with SRIM. Let us remind that protons irradiate water which induces water radiolysis, only if
projected range Rp > 30 um. Table S 1 specifies the energy of the protons in the vicinity of the
steel/solution Interface.

Table S 1: Summary of the relevant parameters related to the five proton kinetic energies used in this study: total
prgject_ed range of protons Rp, LET near the interface (at 0.1, 5, and 14 pm), kinetic energy of protons at the interface,
and thickness of irradiated water Rw. The last column neglects the uncertainty in the sample thicknesses. SRIM
calculations [82]. n/fa means not applicable.

rieEnt | TORPIOS e iyt eviurtatx  bOIeOraltle  Disance Ry e
(MeV) (iim) pm from the interface (MeV) (um)

2.0 18.6 £ 0.6 n/a n/a n/a

2.2 21.7+0.8 n/a n/a n/a
x=0.1pum:142.6

2.7 30517 X=5pum:0.83 0.018 + 0.152 05+1.7
X =14 pum :0.00
x=0.1pum:149.1

2.8 36.4+28 X=5pum:48.8 0.385+0.120 6.4+28
Xx=14pum:0.16
x=0.1pum:98.2

3.0 52.0+£3.7 X=5pum:28.0 1.54 +0.07 220+£3.7
X=14pm:39.1

Figure S. 3 and Figure S. 4 show, for each proton energy, the LET profiles and the proton distributions
as a function of depth. They show that the minimum energy to irradiate water, i.e. to irradiate exactly the
interface, is about 2.7 MeV. Moreover, it can be noted from Table S 1 and Figure S. 3 (a) to (c) and
Figure S. 4 (a) to (b) that the energy deposited in water within 5 to 14 um of the interface, increases as a
function of the incident proton energy.

These simulations also highlight, as for the reference experiment, a strong discontinuity in the LET
evolution at the interface. Figure S. 3 (d) and (e) show that 100% of the protons are stopped in the foil.
These two experiments will allow characterizing the role of the working electrode irradiation on the
evolution of the corrosion potential (as already shown by B. Muzeau et al. [64]), which will also
discriminate the role of radiolytic species in the other experiments. Figure S. 4 (c) and (d% show that all
(or almost all) protons are stopped in water. Irradiation at 2.7 MeV stops the protons at the interface as
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shown in Figure S. 3.(f). At this energy, the stainless-steel sample is implanted, while the aqueous
solution is subject to radiolysis.
Finally, Table S 2 shows that the material damage in these irradiation conditions is very low. As explained
previously, the influence of the sample damage is negligible on the electrochemical behavior of the 316L

stainless steel compared to the influence of the aqueous solution radiolysis.
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Table S 2: Dama?e rates and damage for 1 h of irradiation at the entrance of the 316L stainless steel sample (e = 0) and
at the interface of the 316L stainless steel (e = 30 um). As a reminder, the interface is not irradiated at 2.0 and 2.2 MeV.
Calculation performed using SRIM [82] for a beam intensity of 10 nA.

Damage at the Maximum damage in the

Incident Damage rates at the _ Maximum damage L o
Kinetic energy  sample entrance (e =0) Sample erbt)rance (e= rates in the sample sample after 1 h irradiation
MeV dpa st dpa dpa st dpa
20 9.6x10°° 3.5x10° 2.3x107 8.1x10°4
29 9.1x10°° 3.3x10° 2.2x107 7.8x10*
Damage rate at the
sample exit (e=30 pm)
dpas?
27 58X10.9 21X10—5 18X10-7 65)(10-4
238 4.7x10°° 1.7x10° 5.4x108 2.0x10*

30 4.5x10°° 1.6x10° 2.6x108 9.4x10°®
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Doses and dose rates deposited in the aqueous solution

Doses D and average dose rates D were calculated using relationships (1 to 3):

. _EI 1
p=22 1)
D = D.tirr (2)

where: D et D are expressed in Gy and Gy.s™* respectively;
E: Kinetic energy of a proton at the metal/solution interface (J);
I: Proton beam intensity (A);
e: charge of a proton;
m: mass of the irradiated solution (kg). This mass was calculated by assuming that the volume V of the irradiated
solution is that of a cylinder whose base area S is equal to 50 mm? and whose height is equal to Ry (in m).
The mass m is determined by the relation (3):

m=p.V=p.Ruw.S 3)
where: p is the density of water.

Table S 3 summarizes the data obtained and the dose values considering an irradiation time of 1 h.

Table S 3: Dose calculation and deposited dose rates in water calculated for a beam intensity 1 = 10 nA and for an
irradiated surface S = 50 mm2. The deposited dose in water was calculated for an irradiation time of one hour.

Proton Distance in

Incident g Volume of Mass of Dose Deposited dose
kinetic enelimetaltcthe t\rqveati%r[efrr%@e irradiated irradiated ~ rate D in water for 1
energ inte% ace E RW solutlgn \ solution m . hour irradiation
(Me ) (um) (m°) (kg) (Gy.s™) (Gy)
Reference 13 -9 -6 3
experiment 16 4.33x10! 122 6.1x10 6.1x10 4.4x10 1.6x10’
Experiments at 2.7 2.88x10°° 0.5 2.5x101t 2.5x108 7.2x103 2.6x107
IR VDG 2.8 6.17x10™ 6.4 3.2x10%0 3.2x107  1.2x10* 4.3x107

3.0 2.47x1013 22 1.1x10° 1.1x10® 1.4x10* 5.0x107




