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Highlights

H-absorption induces an increase of the surface activity.

Dissolution rate is widely affected by H-absorption while the passive layer growth rate and

chemical composition are not strongly affected.

The increase of surface activity is mainly reversible with H-desorption highlighting the role of

mobile H.

The Point Defect Model suggests an increase of the vacancies mobility due to H-absorption

Abstract

The Influence of hydrogen on the corrosion behavior of an AISI 316L austenitic stainless
steel in borate buffer solution is studied after a cathodic pre-charging step. A high amount of

hydrogen is absorbed and forms a concentration gradient from the surface to the bulk with a
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path length of about 80 um. The surface reactivity in the passive regime after the cathodic
charging and during the hydrogen desorption is investigated with a large set of
electrochemical and physico-chemical technics: electrochemical polarization, EIS, Mott-
Schottky analysis and XPS. This approach allows to demonstrate that surface reactivity
increases drastically with hydrogen absorption. This effect is mostly due to mobile hydrogen
and is mainly reversible with its desorption. Hydrogen absorption and desorption have a small
impact on the passive layer composition and thickness. However, the hydrogen induces an
increase in the dissolution rate, which is discussed based on the Point Defect Model. Present
results suggest that the impact of hydrogen on the surface reactivity is a consequence of a

strong increase in the mobility of anionic vacancy and/or hydrogen oxidation.

1. Introduction

Today, the hydrogen production is mainly issued from gas and oil industry, but some new
green technologies based on water reduction regularly emerge. Then hydrogen production can
be managed applying an electrical current between two electrodes leading to the reduction of
water [1]. This reaction might also occur on a metal surface in aqueous environment,
especially when galvanic coupling is used to protect a metal piece. All of these situations, as
well as the use of hydrogen gas as a vector of energy, or as a corrosion accelerator in some
medical applications, can lead to hydrogen absorption through the steel. In some
circumstances, this absorption can promote a mechanical degradation, better known as
hydrogen embrittlement [2]. Despite Hydrogen Embrittlement (HE) has been widely studied
during these last years, the consequence of the absorption of hydrogen on corrosion behaviors
has only been the topic of very few publications. In fact, an inherent modification of materials
properties, especially surface properties due to hydrogen ingress, could interfere with the

corrosion process [3—5]. As the hydrogen affects the metal bonds [6], we can expect an



alteration of dissolution and passivation mechanisms [7]. Hence, it is complex to predict the
impact of hydrogen on the sustainability of the materials since the passive layer stability
depends on a competition between these two phenomena. In this context, this work aims to
make a deep investigation of the role of the local hydrogen concentration on the properties of
passive layers formed in a borate buffer solution on an annealed austenitic stainless steel AISI
316L. Hydrogen has a high solubility in face centered cubic (fcc) steels and a low diffusion
coefficient allowing to reach an important hydrogen gradient [8]. In addition, AISI 316L
presents a stable austenitic phase and few metallurgical defects which could act as hydrogen
traps [9]. Absorbed hydrogen is commonly described using a diffusion activation energy
model. A low energy is attributed to diffusible hydrogen while a high energy corresponds to
trapped hydrogen. A high energy is frequently associated to the presence of metallurgical
defects such as dislocations, vacancies, grains boundaries, elastic fields [10]. Finally, borate
buffer solution allows to form a stable oxide layer with low dissolution kinetics (thus

facilitating the study of an oxide layer) [4, 11-20].

Based on Electrochemical Impedance Spectroscopy (EIS) and anodic polarization
experiments on 316LN stainless steel, Ningshen et al. observed that the hydrogen absorption
leads to a decrease in the passive film stability and in the pitting corrosion resistance [3, 4].
Due to the difficulties in quantifying hydrogen content, few studies propose an analysis of the
absorbed hydrogen concentration in an austenitic stainless steel combined with the
characterization of the electrochemical behavior of the material after hydrogen absorption [14,
21-23]. In particular, Yang et al. [14] observed a decrease in the passive layer thickness and a
modification of its chemical composition by XPS for a AISI 310 stainless steel previously
charged with 8.0 + 0.3 wppm of hydrogen. In their work, Mott-Schottky tests revealed that

hydrogen can cause an inversion of the conductivity type of the oxide film from p-type to n-



type. Finally, they suggested that hydrogen absorption reduced the stability of the passive

layer and increased its susceptibility to pitting.

A previous study attests the formation of an important hydrogen concentration gradient in
316L stainless steel after 72 hours of cathodic charging in 0.1M NaOH + NH4SCN (3g.L!) at
-100 mA.cm and 50°C [24]. To our best knowledge, a correlation between the local
hydrogen concentration and the electrochemical behavior of austenitic stainless steel has
never been reported in the literature. This relation seems obvious since electrochemical
processes, as passivation and dissolution, are surface phenomena. Moreover, only few
research works [23, 25] focus on the hydrogen desorption which will allows here to
distinguish the reversible effects attributed to diffusible hydrogen from the irreversible effects
attributed to trapped hydrogen. A first study, conducted by Yashiro et al. [25], proposed a
partially reversible effect of hydrogen on the pitting potential throughout the desorption.
Unfortunately, this observation has not been correlated to hydrogen concentration and needs

to be investigated thoroughly and clarified with complementary electrochemical analysis.

The general purpose of this work is to determine the role of the hydrogen concentration and
mobility on the electrochemical behavior of an austenitic stainless steel, especially by
focusing on the passive layer stability and the surface kinetics in the passive range. To this
end, the metallurgical characterization of the studied material was firstly performed at
different scales (SEM, EBSD, AFM, TEM...) and will be not extensively described there.
Secondly, samples were electrochemically charged in a sodium hydroxide solution with
ammonium thiocyanate. Then, the total hydrogen concentration was quantified by hot
extraction, and the concentration gradient under the surface was evaluated. Stationary and
non-stationary electrochemical tests were conducted to evaluate the influence of hydrogen
charging and hydrogen desorption on the behavior of the passive layer. For that purpose, the

anodic processes were studied in a borate buffer solution. The formation of the passive layer,



before and after hydrogen charging, was investigated by anodic polarization and chrono-
amperometry. Electrochemical Impedance Spectroscopy (EIS), Mott-Schottky and X-ray
Photoelectron Spectrometry (XPS) tests were conducted to characterize the passive layer

properties.

2. Experimental

2.1 Material and hydrogen charging protocol

The material employed in the present study was an AISI 316L austenitic stainless steel. The
chemical composition of this steel is shown in Table 1. Grain size, crystallographic texture,
grain-boundaries character, and dislocations density were previously investigated using
scanning electron microscopy coupled to Electronic Back Scattering Diffraction (SEM-
EBSD) and Transmission Electronic Microscopy (TEM). According to these
characterizations, the average grain diameter was evaluated to be around 53+19 pm, no

preferential grain orientation is detected with 45% of random grain boundaries [9, 24, 26].

Table 1: Average composition of the studied AISI 316L austenitic stainless steel [26].

Fe Cr Ni Mo Si N C Mn Co Cu

Balance 17.54 1246 248 0.44 0.08 0.03 1.88 0.15 0.18

Specimens were embedded in an epoxy resin and the working area was 1 cm? for the
electrochemical tests. The working surface was subsequently grinded from 1000 grit to 4000
grit emery paper, resulting in a surface roughness (RMS) of 16 nm estimated by Atomic Force
Microscopy (AFM). Grinded samples were then cleaned using distilled water and ethanol.
Using TEM, the surface density of dislocations was estimated at around 5.10'! m™. This value

is close to the density of dislocations estimated in the bulk in a previous study [9, 26].



The hydrogen charging solution was composed of NaOH 0.1 mol.L! and NH4SCN 3 g.L!.
Ammonium thiocyanate was used to promote hydrogen absorption [27]. The reference
electrode was a sulfate saturated reference electrode (ESS) and the counter electrode a
platinum grid. Hydrogen charging was performed using electrochemical cathodic method by
applying a current density of -100 mA.cm in the solution described above, at 50°C. For all
electrochemical tests as well as for XPS analysis, samples were electrochemically charged for
72h. After hydrogen charging, samples with a thickness of 500 um were briefly grinded with
a 4000 grit emery paper, cleaned with acetone, dried with air and then were characterized to
determine the total hydrogen concentration by Hot extraction (EMGA 621 H-Analyzer from

Horiba) as a function of desorption time in air at room temperature.
2.2 Electrochemical measurements

A borate buffer solution (12.2 g.L"! of B(OH)3 and 19.0 g.L"! of Na;B4O7, pH 8.4) was used in
this work to study the passive layer behavior. All electrochemical tests were carried out at
25°C in about 400 mL of the deaerated (argon) solution. A three-electrode cell was employed
with Pt as a counter electrode and a saturated calomel electrode (SCE) as reference electrode.

In this study, all potential values are relative to the SCE.

Electrochemical measurements including potentiodynamic polarization curves, potentiostatic
current curves, Mott-Schottky and Electrochemical Impedance Spectroscopy (EIS) were
performed on circular samples of 1 cm? and were reproduced a least three time. The analyzed
batch includes uncharged, 72h hydrogen charged and different desorption time (24h, 48h,
72h, 168h) specimens. The hydrogen charging time (72h) was defined to maximize the
apparent solubility in the charging conditions described in a previous paper [24]. The transfer
time from the hydrogen charging cell to the electrochemical cell was of about 5 minutes
(during which samples are mechanically grinded with 4000 SiC in order to remove the

residual oxide layer).



Electrochemical measurements were performed through a VSP potentiostat from Bio-logic®

. Potentiodynamic polarization curves were recorded with a potential scan rate of 0.25 mV.s™.
A pre-polarization with a current density of -500 pA.cm™ was applied for 15 minutes, as
suggested in protocols from other studies [15, 17, 18], and then a potentiostatic polarization

step was performed during 1h at -0.1 Vgcs (passive range).

EIS and Mott-Schottky measurements were done after two pre-treatment steps consisting in a
cathodic polarization (as previously describes) and an anodic polarization (1 hour at -0.1
VEcs) to form a stable passive layer. Then, EIS measurements were carried out at 0.1 Vgcs
from 100 kHz to 10 mHz with 10 points per decades and a sinus amplitude of 10 mV. Mott-

Schottky analyses were achieved at 1 kHz from -300 mVEecs to 600 mVecs.
2.3 X-ray photoelectron spectrometry (XPS)

X-ray photoelectron spectrometry was carried out to get information on the passive layer
composition and thickness before and after hydrogen absorption. For that purpose, a stable
passive layer was formed by maintaining a potentiostatic current for 1 hour at -0.1 Vscg just
after a cathodic polarization at a current density of -500 pA.cm™ for 15 minutes. Samples
were then stored in an argon atmosphere at atmospheric pressure during the transfer to XPS
equipment (Thermo Scientific K-Alpha). All spectra were acquired using a monochromatized
Al-Ka radiation (1486.6 eV), yielding a focused X-ray spot with 200 um diameter with a
normal emission angle, analyzer pass energy fixed at 40 eV for high resolution spectra. All
specimens were sputtered with Ar* ions. The abrasion rate was calibrated using a mechanical
profilometer after an abrasion time of 5000s and was estimated to be around 0.2 nm.s™!
(considering that abrasion rate is equivalent for the bulk and for the oxidized surface of the
sample). The erosion sequence was 1s eight times then 10s to obtain the oxide film depth
profile and therefore the thickness of the passive layer. High resolution spectra (i.e. Cls, Ols,

Fe2p, Cr2p, Ni2p, Mo3d) were quantified (Scofield sensitivity factors applied) and/or fitted



using the XPSPEAK 4.1 software. The main element of the spectra were fitted as follow: (i)
Ols with 3 components, oxide (~530.3 eV), hydroxide (~531.8 eV), H>O or O-C
contaminations (~533.2 eV) respectively, (ii) Fe2ps. part of the Fe2p spectra with 5
components, the first three attributed to metallic iron (~707.0 eV), Fe** (~709.1 eV), Fe**
(~711.5 eV) respectively [12, 28-31], (iii) Cr2p3/2 part of the Cr2p spectra with 3 components
corresponding to metallic chromium (~574.1 eV), Cr** oxide (~576.5 eV) and Cr** hydroxide
(~577.6 eV) [12, 28, 29, 31-33], (iv) Ni2ps. part of the Ni2p spectra with 3 components
attributed to metallic nickel (~852.9 eV) and its satellite (~859.0 eV), and one oxidized Ni
form (~855.7 V) [12, 28], and finally (v) Mo3ds/; part of the Mo3d spectra with 3
components assigned to metallic form (~227.8 eV), Mo** (~229.1 eV) and Mo®* (~232.5 eV)

[12,30-32].

3. Experimental results
3.1 Hydrogen concentration

First, the AISI 316L samples were cathodically charged during 72h and hydrogen ingress was
characterized by hot extraction analysis immediately after 72h of charging and also after
different desorption times (see reference [24] for more details). The total hydrogen
concentration is of 80+17 wppm (on a sample with a thickness of 500 um). These results are
in line with another study performed under similar conditions [34]. Figure 1-a presents the
evolution of the local H concentration with respect to the desorption time at ambient
temperature and pressure (300 K, 1 atm) following the method presented in a previous paper
[24]. In Figure 1-b, reproduced from this previous work [24], it was shown on GD-OES
profiles (confirmed by SKPFM) that under the same H-charging conditions, the hydrogen was

localized within a layer of 76 um beneath the surface. This allowed to estimate the H mean



concentration in this layer, which will be referred to as [H]iocal in the following and which is
about 520 wppm after 72 hours of cathodic charging. This approach also allowed to estimate
an apparent hydrogen diffusion coefficient of around 2.10!°> m2.s™! thanks to Fick’s laws. In
these conditions, a rapid desorption of hydrogen is observed during the first hours and reaches

a plateau of local concentration at around 105+46 wppm after 48 hours of desorption.

Figure 1: (a) Evolution of local hydrogen concentration (wppm) with desorption time (b)
profil of hydrogen distribution estimated by GD-OES after 72h of cathodic charging in

NaOH 0.1M + NH4SCN 3g/L at 50°C and -100 mA/cm? [24].

In order to follow the influence of the desorption time on the electrochemical behavior,
different desorption times were selected for the following of the paper, namely 24h, 48h, 72h

and 168h.
3.2 Dynamic Polarization curves

Dynamic polarization curves are presented in Figure 2-a for different desorption times. For
the uncharged specimen, the corrosion potential is around -638 mVscg. A very weak peak (1.8
uA.cm?) is observed followed by a quasi-plateau with a passive current density of around 1.1
uA.cm™. The increase in the current density after 0.9 Vsce is due to the oxidation of water.
This behavior is in good agreement with the behavior of austenitic stainless steels described in
the literature [12, 14, 16, 19]. Two small peaks are observed on the passive plateau. Several
studies conducted in a similar environment assume that the first peak, around -0.2 Vsck,
probably corresponds to the oxidation of some species of the pre-passive film [11, 12, 35, 36]
and the second peak, at 0.6 VscE, probably corresponds to a deficit of stability of chromium at

such potential [11, 12, 14, 36]. A 72h cathodic charging induces a decrease in the corrosion



potential, an increase in the critical current and passive current densities, while the cathodic

branch does not seem to be modified.

Finally, as the desorption of hydrogen progresses, the current densities progressively decrease
and the corrosion potential tends also to shift towards the values of uncharged samples.
Different kinetics parameters obtained from the polarization curves are presented in Table 2,
which also gives the local H concentration [H]iocal, as previously defined, for the different
conditions (desorption time). Jerit and Ecii¢ refer to the small peak observed before the passive
region. All these parameters suggest that H ingress increases the anodic activity and that the
observed effects are partially reversible after hydrogen desorption. In the following, we will
focus on the behavior in the passive region, which seems particularly sensitive to the [H]iocal

concentration.

Figure 2: Anodic polarization curves at 0.25 mV.s'! in borate buffer (pH 8.4) of a AISI

316L stainless steel before, after cathodic charging, and for different desorption times.

Table 2: Data from dynamic polarization curves.

Samples [H]local Ecorr Jerit (l—lecm-Z)/ Jpass (pA.cm'z at

(wppm) (mVsce)  Ecie MVsce)  -0.1 Vscr)

Uncharged 0 -638 1.8 (-413) 1.1
72h Charged 533 -720 / 4.0
24h Desorbed 192 -723 4.5 (-440) 24
48h Desorbed 119 -734 2.9 (-414) 2.0
72h Desorbed 114 -708 2.3 (-439) 1.8
168h Desorbed 106 -675 / 1.9
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3.3 Potentiostatic current

Figure 3-a presents potentiostatic anodic current curves obtained at the applied potential of -
0.1 Vsck for different conditions in order to study the kinetics of the formation and the
stability of the passive film after a cathodic treatment at -500 pA.cm. For the uncharged
specimen, a fast decay of the current density occurs at the beginning, which is due to the
formation of the passive film. Then, the current density reaches a steady state (Jss) at 0.176 +
0.002 pA.cm™. This current density is obtained by averaging on the last 100 seconds and is
presented in Table 3 for the different specimens and conditions. After the cathodic charging,
the general shape of the curve is similar, but the stationary current density is drastically
increased and reaches 2.682 + 0.007 uA.cm™. The stationary current density decreases
progressively with desorption time and almost reaches the value of uncharged samples.
Several papers have studied the repassivation kinetics of stainless steels [16, 37-39]. After a
fast step of initial nucleation and development of a first atomic oxide layer [16, 38] (around
370 ms for an AISI 316L stainless steel in borate buffer solution from Xu et al. [16]), the
passive layer growth follows the high electric field ion conduction model [16, 38, 39]. This
model assumes the formation of a high electric field (around 10° V.cm™ [16, 39]) across the
passive layer leading to the migration of cations through the film to the surface and inducing
the passive layer growth. Assuming that no significant dissolution happens during film
formation [16, 37-39], the passive current can be described using the empirical relation used
by many authors to estimate the oxide growth kinetics on stainless steel [40—43] and other

alloys [44, 45]:
log/(t) =C — a.logt (1)

with C a constant, J (¢) and t the current density and time, and a the slope of the initial stage

of log J (t) vs log t plot. As polarization time increases, the passive film thickens and the
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electric field decreases, so the contribution of dissolution phenomena to the current is no

longer negligible and the current density deviates from this model.

Figure 3: (a) Anodic polarization curves at -0.1 Vsce in borate buffer (pH 8.4) of a AISI
316L stainless steel before, after cathodic charging, and for different desorption time. (b)

Determination of C and o parameters by linear regressions.

Figure 3b presents In J versus In t curves between 370 ms [16] and 2 s for uncharged, 72h
charged and desorbed samples. The chosen time range was in accordance with the work of Xu
on a 316L stainless steel in borate buffer solutions [16]. Linear regressions provide the values
of the C and a constants which are reported in Table 3. The values of the coefficient o are
nearly 1, which is in good agreement with the data in the literature [16, 44, 46]. A slight
decrease in the coefficient o can be highlighted after hydrogen ingress (from 0.94 to 0.85).
This decrease in the parameter value was explained by some authors by a reduction of the
protective nature of the passive layer [44] which corresponds to a slight decrease in the film
growth kinetics. Then Table 3 shows that a gradual shift of this coefficient to the initial value

is observed throughout desorption.

Assuming that the growth kinetics of the passive film follows relation (1) and using the
parameters deduced from Table 3, the corrected anodic density of current (Jcq), corresponding

to all “anodic reactions” except film growth, was calculated by the relation:
Jea () = ]exp ) — ]growth ) ()

With Jexp (2) the experimental current density and Jgrowsn (2) the growth current density. These
current densities are plotted versus time for uncharged and 72h charged samples in Figure 4-a

and b respectively.
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Figure 4: Plots of Jexp (experimental current density), Jerowth (0xide growth current
density) and Jca (corrected anodic density of current) for AISI 316L stainless steel (a)

Uncharged (b) 72h Charged.

Figure 4-a suggests that the experimental current density is widely dictated by the oxide
growth for the uncharged sample. After 72h of cathodic charging, J.. markedly increases, and
the current density is governed by other anodic processes such as dissolution of the passive
film or other anodic processes. Table 3 presents the passive current (Jssgrowth) and the
corrected anodic current (Jssca) at the steady state (obtained by averaging on the last 100
seconds) compared with the experimental value (Jssexp). This table shows that, as desorption
time increases, Jssca progressively decreases. This confirms that the effect of hydrogen is
partially reversible with desorption time. It can be deduced from Table 3, that the oxide
growth current seems not to be much affected by cathodic charging or hydrogen desorption.
In contrast, it seems that the other anodic processes are mostly impacted by hydrogen

charging and desorption.

Table 3: Data from static polarization curves.

[Hliocat  Jssexp JSSgrowth Jssca (MA.cm”
Samples o C

(wppm) (pA.cm?) (nA.cm™?) %)
Uncharged 0 0.176 £0.002 0.938 -8.198 0.129 £0.001  0.047 +0.001
72h Charged 533 2.682 £0.007 0.852 -8.052 0.301 £0.002  2.381 +0.005
24h Desorbed 192 0.658 £ 0.002 0.903 -8.202 0.171 £0.001  0.487 +0.001
48h Desorbed 119 0.437+0.002 0.874 -8.290 0.198 +0.001  0.239 £0.001
72h Desorbed 114 0.381 £0.002 0.874 -8.235 0.209 £0.002  0.172 £0.001
168h Desorbed 106 0.212 £0.001 0.925 -8.403 0.117+0.001  0.095 +0.001
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3.4 Electrochemical Impedance Spectroscopy

In order to deeply investigate the passive film properties formed on AISI 316L stainless steel,
EIS measurements were conducted at an applied potential of -0.1 Vscg after 15 minutes of
cathodic treatment at -500 uA.cm™and 1h of film formation at -0.1 Vscg. The EIS results are
presented in the form of Bode and Nyquist plots in Figure 5-a (modulus from bode plots), b
(phase from bode plots) and ¢ (Nyquist plots). Results suggest, as seen on Bode diagrams, that
hydrogen charging mainly affects the low frequencies range rather than the high frequencies
one. The Nyquist representation suggests that the uncharged sample presents a quasi-blocking
behavior, which does not allow the formation of a capacitive semicircle in the investigated
frequency range, in line with the presence of a homogeneous and continuous passive layer
[47, 48]. Impedance modulus drastically decreases after hydrogen charging, suggesting that

this effect seems to be partially reversible with hydrogen desorption.

Figure 5: EIS pattern and corresponding fitting (solid lines) of AISI 316L stainless steel
at -0.1Vsce in borate buffer (a) Modulus and (b) Phase from Bode plots (¢) Nyquist plots

for uncharged, 72h charged and different desorption times.

The simulation of passive layers EIS spectra, represented with solid lines in Figure 5, has
been widely discussed in the literature [29, 47-58]. One electrical model emerges in similar
environments [54-58] and is presented in Figure 6. This model uses two time constants as

suggested by profiles of the phase diagrams from Bode plots.

Figure 6: Used electrical model to fit EIS in Borate Buffer solution.
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This model allows to fit impedance data obtained in a borate buffer solution because the
passive layer is assumed to be really covering without any defects (no pitting happens on
anodic polarization curves (cf. Figure 2)). Here, R; is the electrolyte resistance, Ci and R; are
linked with electrical double layer and the charge transfer resistance whereas Q> and R are
associated with non-ideal capacitive and resistive behavior of the oxide film [53, 56-59]. A
constant phase element (CPE) was used for the oxide layer because the measured capacitances
are frequently not ideal (attributed for example to variations in the thickness or chemical

composition). CPE is defined by:

3)

1
Z = —
CPE ™ (jw)*Q

with Q (F.cm™.s®Y) representing the CPE intrinsically linked to o which represents the

deviation from a purely capacitive behavior (if a=0 the CPE is purely resistive, if a=1 the

CPE is a pure capacitance), o is the pulsation (=2nf).

Fitting was managed thanks to Simad® software developed at Laboratoire Interfaces et
Systemes Electrochimiques (LISE Lab CNRS UMR 8235). The fitting results are displayed as

solid lines in Figure 5 and obtained values are presented in Table 4:

Table 4: EIS results obtained by fitting with electrical model for a AISI 316L uncharged

72h charged and desorbed.

[Hlioea R C; (10 R, (10 Q:(10¢ R (10° Ccre (100
Samples (1)

(wppm) (Ohm.cm?) F.cm?) Ohm.cm?) F.cmZs*!) Ohm.cm?) °F.cm?)
Uncharged 0 41.5 195 1.22 33.0 0.926 151 6.96
72h

533 25.7 102 1.23 59.5 0.876 164 4.43
Charged
24h

192 24.0 180 1.80 37.2 0910 59.5 5.58
Desorbed

15



48h

119 38.5 167 1.90 34.7 0.921 96.9 6.62
Desorbed
72h

114 25.8 190 1.39 35.5 0919 97.0 6.54
Desorbed
168h

106 48.3 195 2.11 35.0 0.922 130 6.84
Desorbed

We first focus on the capacity of the double layer. This capacity slightly decreases after
hydrogen charging and increases upon desorption, but the variations are relatively weak.
Obtained values, ranging between 100 and 200 uF.cm™, are conform with the literature for a

double layer capacity on similar systems [59, 60].

Then, we can focus on the evolution of the resistances in a borate buffer solution. The
resistance Rj, attributed to charge transfer, does not show significant variations after hydrogen
ingress or hydrogen desorption. Furthermore, the oxide film resistance (R2) shows a strong
decrease, which expresses a poorer protection against corrosion after hydrogen ingress. Then,
this resistance increases with desorption time. The degradation of this protection can be due to
many factors as a variation in the oxide composition or the formation of defects that cannot be
precisely determined by EIS. The difference between resistances R and R of about two
orders of magnitude consolidates the physical meaning of the equivalent electrical circuit and
is in good agreement with the literature [59]. Impedance suggests that charge transfer
resistance is not significantly affected by cathodic charging unlike the film resistance. This
last resistance, being the highest so the limiting factor, allows to explain the increases in the

density of current at the steady state after cathodic charging previously observed.

Concerning the constant phase element (Q, o), attributed to the passive film, Table 4 shows

that the corrector exponent (a) is close to 1, indicating a mainly capacitive behavior. This
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exponent cannot be analyzed alone and has to be linked with the coefficient Q [61]. The
constant phase element (CPE) model is a mathematical tool to describe a non-ideal capacitive
behavior (as a capacitive gradient) but it gives no indication on physical processes [48].
Hirshorn et al. [49] showed that a normal distribution has to be considered for an oxide
passive layer. Therefore, the power law distribution allows to calculate the capacitance (Ccpg)

using the following equations by Hirschorn et al. [48, 62] for a blocking behavior:

Cerr = Q- (ps-€.€0)' " %.g “)

where CcpE is the calculated capacitance using CPE fitted data, Q and a are the parameters of
the CPE, € and g, are respectively the vacuum permittivity (8.85 x 10"'* F.cm™) and the
relative permittivity of the oxide assumed to be constant and has a value of 15.6 [17, 29, 48,
51]. ps is the resistivity of the interface and assigned to a value of 500 Q.cm [46, 47, 51]
(consistent with the value of 450 Q.cm obtained by Hirschorn et al. [48] for a stainless steel).

g is a function that was numerically evaluated and could be expressed as [48, 62]:
g=1+2.88(1—a)?37° &)

Obtained capacities from equation (4) are given in Table 4 and are consistent with the
literature for a passive layer capacity in near neutral environment [47, 48]. They do not show

a marked evolution after H charging and desorption.

Assuming a capacitance proportional with the film thickness, the passive layer thickness
(dfim) can be approximated from the calculated capacitance related to the local dielectric

constant (&) [48, 49]:

E.&E
C=—2>
dfiim

(6)

The thickness of the passive film was evaluated by using this relation. The obtained value is

about 2 nm for the uncharged sample, congruent with many works from the literature that
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determine oxide layer thicknesses using different methods (EIS, XPS, chrono-amperometry,
TEM, AES) on stainless steel in borate buffer [16, 17, 19, 20, 47]. According to the slight
variations of the Ccpg parameter in Table 4, it can be deduced that the thickness of the passive

film does not seem to markedly vary upon charging and desorption.

The degradation of the protection against corrosion can be due to many factors as variation in
oxide composition or defects formation which cannot be precisely determined by EIS. That is

why X-ray photoelectron spectrometry (XPS) is presented in the next part.

3.5 X-ray photoelectron spectrometry (XPS)

XPS tests were conducted after 1 hour of passivation at -0.1 Vgcs in a borate buffer
environment. XPS high-resolution spectra Ols, Fe2p, Cr2p and Ni2p, obtained after Os and 4s
sputtering, before and after hydrogen ingress, are given in Figure 7. The Fe2p, Cr2p and Ni2p
spectra are normalized compare to the local highest peak allowing a better comparison
between the different sputtering times. On the contrary, Ols spectrum corresponds to high-
resolution spectra, allowing to determine the decrease in oxide content. High-resolution Mo3d

spectra are not shown as metal base concentration is low.

Figure 7: High-resolution XPS spectra of uncharged and 72h charged samples
passivated 1h at -0.1VEecs in borate buffer, after 0s and 4s sputtering (a) O1s (b) Fe2p3.2

(c) Cr2ps2 and (d) Ni2p3z.

Figure 7- a, b, c attests a strong decrease in the oxide contributions after 4 seconds of ion
sputtering. Figure 7- d shows that nickel oxides are roughly lacking in the passive layer in
accordance with bibliographic data on similar systems [63, 64]. It can be noticed that, even
without any sputtering, both Fe and Cr metallic components are observed due to the

contribution of the underlying metal. Fitted Fe2p3., Cr2p3.2, Ni2p3»2 and Mo3ds), spectra for
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each abrasion time allow to reconstruct the depth concentration profile of each chemical
environment for the passive layer and underlying metal (Figure 8). Note that these depth
profiles are given without subtracting the metal components from underlying layers. The
estimated depth is given under the consideration that the previously calculated abrasion rate,
after a sputtered time of 5000s, is equivalent for the bulk and for the sample surface

(including the oxide).

Figure 8: Distribution of Fe, Cr, Ni and Mo components within the passive film formed
on 316L stainless steel in deaerated borate buffer solution at -0.1 Vsck (a) for an

uncharged specimen, (b) for a hydrogen cathodically charged specimen.

The distribution of the different components within the passive layer is mainly similar before
and after hydrogen ingress. In fact, each sample has a passive layer with few differences in
the oxide composition. A weak increase in the Fe II/Fe III ratio could be noticed after
cathodic charging (from 0.74 to 0.97) as well as a slight increase of the Cr**hydroxide/ Cr**oxide
ratio (from 0.72 to 0.83). Finally, a small diminution of the contribution of Cr-oxide and Cr-
hydroxide (from 17% to 14% of the total atomic composition including underlying
contribution) to the total surface signal (before ion sputtering) is observed after cathodic
charging. Figure 8 also allows to compare the thicknesses of the passive films formed on
uncharged and cathodically charged specimens. Two verticals lines indicate the minimal and
maximal thicknesses that can be evaluated on the base of XPS measurements. It is obvious
that cathodic charging does not seem to markedly influence the thickness of the passive film,

which can be roughly evaluated between 1 and 2 nm in agreement with EIS measurements.

All the XPS results suggest few variations in the composition and thickness of the passive

layer. The modification of the Fe[lI]/Fe[Ill] ratio as well as Cr-oxide and Cr hydroxide
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concentrations looks relevant with other results in the literature [23, 65-67]. However, it must
be noticed that as XPS experiments are ex-situ, and as the passive film can be modified in dry

or vacuum environments, these results are only indicative.

3.6 Mott-Schottky Analysis

Generally, a semiconductor behavior could be used to describe the properties of the passive
films of stainless steels, which can be evaluated using Mott-Schottky analysis. Based on the
Mott-Schottky theory, for a passive film of a stainless steel, the capacity of the spaced charge
layer is much smaller than the capacity of the Helmholtz layer which may be neglected. In
addition, considering the inverse square of the space charge capacitance follows a linear
relationship with the applied potential, the space charge capacitance may be linked to donor or

acceptor densities using the following equations [68, 69]:

1 2 KT
= eeavn (E — Epp — ;) for n —type (7)
12

€2 egoqNy

k
(Ers = E = =5) for p — type (®)

where Np and N are the donor and acceptor densities (cm™), respectively, q is the elementary
charge, k is the Boltzmann constant and T is the temperature in Kelvin (K). € and &9 are the
dielectric constant of the material (15.6) and the permittivity of vacuum (8.85 x 10'* F.cm™)
respectively, E is the applied potential, and Egg is the flat band potential which can be

determined from the intercept with the E axis of the linear region of the plot 1/C? against E.

Mott-Schottky tests were conducted on uncharged, charged and 168h desorbed samples after
1h of passivation in borate buffer solution. Figure 9 presents representative Mott-Schottky

plots obtained at 1 kHz as well as the corresponding equations of the linear regions.
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Figure 9: Mott-Schottky plots obtained on AISI 316L stainless steel at 1 kHz in
deaerated borate buffer solution for an uncharged, 72h charged and 168h desorbed

specimens.

Figure 9 shows roughly identical behaviors before and after hydrogen ingress. The only
difference is a noisier signal after cathodic charging. The linear region comprised between -
0.1Vsce and 0.3Vscg presents a positive slope that illustrates the electronic behavior of a n-
type semiconductor, whose predominant dopant species should presumably be oxygen
vacancies and/or cation interstitials. The donor densities are calculated using equation (7)
from the slope of the linear regions and are 8.0+0.7 10?° cm™, 7.740.1 10*° cm™ and 8.1+0.6
10?° cm™ for the uncharged, 72h charged and 168h desorbed samples respectively. These
values are in good agreement with the literature on passive films formed on austenitic
stainless steel at ambient temperature [13—15, 70]. Even if some studies attest a modification
of donor densities by Mott-Schottky after hydrogen ingress on AISI 304 [13], AISI 310 [14]

and wrought AISI 316L [46, 71], such evolution has not been observed in this study.

4. Discussion
4.1 Effect of mobile hydrogen on anodic processes

Our approach which combined global and local experimental tools allowed to estimate that at
the end of the hydrogen charging process, the local concentration of hydrogen in AISI 316L,
due to a gradient of concentration distributed on 76 pm, was about 530 wppm [24]. A part of
absorbed hydrogen is rapidly released during desorption, then it remains a total hydrogen
concentration of approximatively 16 + 7 wppm leading to a local concentration estimated
around 105 wppm. In a second time, the study of hydrogen desorption, which is one of the

originalities of this work, allows to enlighten the role of mobile hydrogen on the
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electrochemical behavior. It is important to note that this work does not allows to distinguish
the role of the concentration of mobile hydrogen with the role of the flux of mobile hydrogen

desorption, which will be the topic of future works.

The high hydrogen concentration leads to modifications of the electrochemical behavior of
the stainless steel. In fact, potentiodynamic tests show an increase in the surface reactivity due
to hydrogen absorption. In potentio-dynamic tests, the current density detected at -0.1 Vscg
increases from 1.1 pA.cm™ to 4.0 uA.cm after cathodic charging. This effect is even higher
in stationary conditions as current density at steady stage during potentiostatic tests increases
from 0.18 uA.cm™ to 2.68 uA.cm? after cathodic charging. This increase in intensity attests a
higher surface reactivity and a less protective passive film. Using high field model, we
showed that the current density attributed to the passive layer growth is not significantly
modified after charging whereas the contribution of other anodic processes strongly increases
(cf. Figure 4 and Table 3). These processes, which can be due to the modification of the
passive layer after hydrogen absorption and/or modifications of local electrolyte during
hydrogen desorption, are probably led by passive film dissolution and/or hydrogen oxidation.
Previous work, conducted on stainless steels, already attest an increase in dissolution kinetics

in neutral solution with hydrogen absorption [4, 14].

On the other hand, the desorption of mobile hydrogen induces a reduction of the passive
current densities, so of the surface reactivity, as attests the Figure 10-a for the

potentiodynamic tests and Figure 10-b for the potentiostatic tests.

Figure 10: (a) Evolution of the passive current density with the local concentration of
hydrogen from potentiodynamic tests. Different colors are used for the different

desorption times: 24h (grey), 48h (orange),72h (green) and 168h (pink) (b) Evolutions of
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the experimental steady state current (Jss =squares), the calculated growth current
(Jssgrowth=crosses) and corrected anodic current (Jssca=right Crosses) at steady state
from potentiostatic tests with the local concentration of hydrogen (the color code is the

same as in Figure 10-a).

Figure 10-a presents the evolution of the passive current density from potentiodynamic
experiments with the local concentration of hydrogen and suggests a quasi-linear relation
between mobile hydrogen concentration and passive current density. After one week of
desorption a difference between the passive current of the desorbed sample and the uncharged
sample persists. This difference could be attributed to irreversible effects such as trapped
hydrogen or any microstructural modification induced by cathodic charging, for example, the
formation of vacancies [6, 72, 73], dislocations [74, 75] or martensite [74-76]. However,
Figure 10-a highlights that the main impacts on the passive current density can be attributed to
mobile hydrogen. Figure 10-b plots the steady state current density (from potentiostatic tests)
as well as the current density of film growth (Jssgrowth) and the corrected anodic current
density (Jssca) versus the local hydrogen concentration. A quasi-linear relationship between
mobile hydrogen and the steady state passive current density can be observed. Moreover, after
more than 2 days of desorption, even if the local H concentration is around 100 wppm, the
stationary current density is very close to that for the uncharged specimen. This suggests a
totally reversible effect on current density at steady state due to hydrogen desorption and
thereby this supports the assumption of a main impact due to mobile hydrogen. The difference
between the partial reversibility of the potentiodynamic tests and total reversibility of the
potentiostatic tests is currently not explained. Figure 10-b also highlights that mobile
hydrogen strongly modifies the corrected anodic current and has a low impact on passive
layer growth. This analysis is supported with XPS results where few differences were noticed

on the thickness and chemical composition of the oxide layer formed before and after

23



hydrogen absorption. Corrected anodic current includes all anodic processes besides the film
growth. This current is probably linked with dissolution and, for a charged sample, with
hydrogen oxidation. As it was previously shown, cathodic charging induces a high hydrogen
concentration under the metallic surface. Hydrogen could be oxidized at the metal-film
interface then H* could be extracted by the high electric field, or hydrogen could diffuse from
bulk to passive film surface and could then be oxidized in H" at film-electrolyte interface. In
both cases, this should increase the current density [7, 22, 77] and can also decrease the
interfacial pH making the film more prone to dissolution and breakdown [4, 5, 7, 65, 70, 78].
At this point, it is impossible to clearly determine the contributions of dissolution and
hydrogen oxidation to the current density of the anodic process. The increase of dissolution
kinetics could be due to many factors such as defect formation due to hydrogen absorption [3,
4,13, 66, 70, 71, 79], lattice or structural modification [22, 80] or even a local acidification of
the electrolyte due to the desorption of a proton [4, 5, 65, 70, 79, 80]. This last assumption is
supported by the partial reversibility which can be linked to a smaller quantity of desorbed
hydrogen during the electrochemical test after a long desorption time. Moreover,
electrochemistry impedance spectroscopy suggests a decrease in passive layer properties. The
EIS results, presented in this work, suggest an important drop of the oxide resistance after
cathodic charging (from 15.1 x 10° to 1.64 x 10> Ohm.cm?), in agreement with the results
obtained by Ninghsen et al. on 316L in borate buffer after hydrogen absorption [4]. This
phenomenon could be attributed to many factors as modification of the thickness or
composition of the oxide layer or the formation of defects in the passive film. Figure 11
presents the evolution of the oxide resistance as a function of the hydrogen concentration
during the desorption of mobile hydrogen. The resistance increases with desorption time,
highlighting the effect of mobile hydrogen on passive layer behavior. After a desorption time

of 168h, the initial resistance is not totally recovered, indicating a weak irreversible effect
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which could be attributed to trapped hydrogen or microstructural modifications. XPS and EIS
results do not attest to a thickness alteration and few chemical modifications have been
noticed. The film capacitance (obtained with equation (4)) presents low variations, especially
with the incertitude related to the deduction of this capacity from a CPE. The equation (6),
previously defined, gives a relation between oxide capacity and passive layer thickness, which
seems comprised between 2.0 and 3.1 nm. This result is in agreement with the XPS analysis
where film thickness seems not be affected by hydrogen. In addition, the solution resistance
(Rs), the charge transfer resistance (R1) and the double layer capacitance (C1), do not appear

to be affected by cathodic charging.

Figure 11: Evolution of EIS oxide resistance parameter obtained by fitting with
equivalent electrical circuit in function of hydrogen desorption time with the 72h
charged sample in red, and respectively the 24h, 48h,72h and 168h desorbed samples in

grey, orange, green and pink.

4.2 Effect of hydrogen desorption on the point defect diffusivity inside the passive film

In this work, we show a strong impact of the hydrogen absorption on the electrochemical
processes on the surface of an AISI 316L in borate buffer. Dynamic and static polarizations
attest to an increase in the surface activity while the EIS results suggest a modification of
some passive layer properties. On the contrary, Mott-Schottky tests suggest that the donor
density (oxygen vacancies or interstitial cations) is not modified after hydrogen absorption.
The mobility, Do of these charge carriers is a key point to understand the passive layer
behavior [35, 81]. The Point Defect Model (PDM) has been used to explain, under stationary
conditions, the growth, breakdown and conservation of the passive layer by the formation and

transport of point defects [35, 82—-85]. From PDM, the current density at steady state can be
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described as depending on the flux of cations and oxygen vacancies using the following

equation [84]:
Jss = F [ = 2(2) o) ©)

with Jss the current density at the steady state obtained by potentiostatic polarization (cf.
Table 3), F the Faraday constant and n the charge of the cation ejected from the passive layer.
y represents the charge of cations in the form of oxide, Ju the flux of cation vacancies (from
film/solution interface to metal/film interface) and Jo the flux of anionic vacancies

(considering as oxygen vacancies in this study) [35].

Mott-Schottky tests suggest that passive layers have a n-type semiconductor behavior. Under
this consideration, we assume that the charge transport is widely due to oxygen vacancies
and/or interstitial cations, thereby enabling to neglect the cationic vacancies flux in the
equation (9) [35, 81, 86, 87]. Considering the charge of dissolved cations and oxide cations

are equal, the current density can be described with the following equation:

Jss = —2F]p (10)

Macdonald et al. [83, 84] describe, for a passive layer thicker than 0.2 nm, the anionic

vacancies flux as:
Jo = —2KDyNp (11)

with Do the oxygen vacancies mobility, Np the concentration of oxygen vacancies in mol
(assuming here as equal to the donor density obtained by Mott-Schottky), and K a factor
which depends on the electric field strength (), the Faraday constant, the temperature, and

the gas constant:

Fé
K=— (12)
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In this work, an electric field of 10° V.cm™! was considered to describe the electric field of a
passive layer, in accordance with several works [16, 35, 39, 70, 81, 87]. In addition, we

consider that this field is identical before and after cathodic charging because the high field
model, apply to potentiostatic polarization, suggests few modifications of the kinetics of the
passive layer growth and, moreover, XPS analysis do not show a strong modification of the
thickness and chemical composition [70]. Consequently, K is constant with a value of 3.9 x

10° at 25°C.

The current density at the steady state can be described as depending on the oxygen vacancies

mobility by combining equation (10) and (11):

]SS =4‘FKDOND (13)

with Jss the current density at steady state obtained during the passive layer formation at -0.1

VEkcs (cf. Table 3) and Np the donor densities obtained by the Mott-Schottky analysis.

The resulting vacancies mobility are given in Table 5.

Table 5: Evolution of anionic vacancies mobility in the passive layer.

Samples Jss (MA.cm?)  Np (103 mol) Do (1017 em2.s!)
Uncharged 0.176 £ 0.002 1.33 0.90

72h Charged 2.682 +£0.007 1.28 14.0

168h Desorbed 0.212 +£0.001 1.35 1.0

First, for the uncharged sample, the mobility of the main charged carriers has been estimated
to approximately 9.0 x 10'® cm2.s™!, which is in good agreement with the literature. In fact,
Wang et al. estimated, by Tof-SIMS, an anionic mobility through an oxide layer formed on an

austenitic stainless steel AISI 304 comprised between 1.6 x 107'7 cm2.s™! and 2.0 x 107 cm2.s”
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! [88]. In addition, Ahn and Kwon [35] obtained, thanks to the combination of current density
at steady stage and Mott-Schottky analysis, a coefficient of mobility of oxygen vacancies
comprised between 1.64 x107'7 cm2.s™! and 2.04 x107!7 cm2.s™! for a passive layer formed on
iron in borate buffer. The results presented in Table 5, obtained thanks to equation (13),
suggest a strong increase in the vacancies mobility up to 1.4 x 107'% cm2.s™! with hydrogen
absorption. The increase in the mobility of oxygen vacancies after hydrogen absorption is
explained by Zeng et al. [77] with the formation of a gradient of concentration of positively
charged hydrogen ions in the passive layer. Indeed, they suppose that, during desorption,
protons diffuse from the metal to the passive layer and then, their concentration drops at the
film/solution interface. This gradient induces an additional electrical strength, which might be
added to the electric field as a repulsive force to positive charge as Fe**, Cr** and oxygen
vacancies, thus enhancing their migration [70, 77]. This analysis suggests that hydrogen
absorption increases the mobility of anionic vacancies positively charged. The PDM suggests
that a part of the current density is controlled by anionic vacancies flux. Consequently, an
increase in this flux could partially explain the increase in current density observed after
hydrogen absorption. However, this last analysis requires to consider that, after cathodic
charging, under stationary conditions, all the current could be attributed to passive layer
evolution (breakdown, growth, and conservation). However, a contribution of the current of
hydrogen oxidation on the metal surface could not be excluded and should induce an
overestimation of the anionic vacancies mobility after hydrogen absorption. This assumption

will be studied further in future work.

5. Conclusion

This work attests to a strong effect of hydrogen absorption on the electrochemical processes,

especially in the passive range, on an AISI 316L in borate buffer solution. Potentiodynamic
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and potentiostatic polarization curves have been used to characterize the electrochemical
behavior and attest to an increase in the surface reactivity, which can mostly be linked with an
increase in dissolution kinetics and/or hydrogen oxidation. The EIS results suggest a
modification of some passive layer properties, while XPS analyses do not show strong
modifications. These results could be correlated with an increase in anionic vacancies

mobility in the oxide film due to hydrogen absorption.

One of the main results of this work deals with the effect of mobile hydrogen on
electrochemical behavior. The obtained results suggest, using different desorption times, that
the increase in dissolution kinetics is mainly due to mobile hydrogen. Unfortunately, the
effect of the flux of mobile hydrogen cannot be distinguished from the effect of its
concentration and will be investigated in future work. In fact, the flux should induce interface
modifications as local acidification of the electrolyte while the interstitial hydrogen should

modified electronic properties and defects concentrations.
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