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Abstract

In this work, the localisation of hydrogen in an electrochemically charged stainless steel was
investigated by Scanning Kelvin Probe Force Microscopy and Glow Discharge Optical Emission
Spectroscopy analysis. Both techniques indicated a high hydrogen content at less than 90 micrometres
under the charged surface. Thermal Desorption Spectroscopy was used to calibrate the data from both
techniques and thus to calculate the hydrogen concentration. Finally, after assuming certain
hypotheses, Fick’s laws were used to calculate the coefficient of diffusion and subsurface
concentration of hydrogen in cathodic charging conditions.

Stainless steel is widely used in many industrial sectors such as energy and transportation. However,
in some situations steel can be exposed to aggressive environments which can lead to hydrogen
embrittlement. Indeed, embrittlement results from the absorption of hydrogen through different
processes, and the interaction of this solute with microstructural heterogeneities, coupled with
mechanical stress can induce a fracture. The mechanisms associated with this phenomenon have been
extensively studied and are mainly due to the interaction between hydrogen, the metallurgy of the
metal and its defects together with the crystallographic structure [1-5]. However, these mechanisms
are highly dependent on the diffusion and trapping of hydrogen. Indeed, stainless steel with a face-
centred cubic structures (fcc) and a stable gamma phase has a low hydrogen diffusivity of between 10
13 and 10" m?/s at low temperatures (below 50°C) [6-8]. This makes a complete characterization
(adsorption, absorption and diffusion) difficult with the usual electrochemical permeation. For this
reason, experimental approaches based on techniques such as Tof-SIMS, NRA/ERDA, TDS, GDOES,
etc. have been used to quantify hydrogen and to evaluate its distribution in a given microstructure,
with some limitations [6, 9, 10]. Scanning Kelvin Probe Force Microscopy (SKPFM) is an alternative
technic that can be used to study the distribution of hydrogen and to evaluate its apparent diffusion
coefficient.

SKPFM is a non-contact, non-destructive technique, which is derived from Atomic Force Microscopy
(AFM). SKPFM measures the local potential difference (CPD) between a conductive tip and a sample
with a high resolution. Recent studies suggest that SKPFM is a promising tool to study hydrogen
distribution in metals because of its ability to measure the variation of contact potential difference
(CPD) after hydrogen absorption [11-16]. Indeed, it was shown that the surface work function could
be affected by hydrogen [17]. For instance, distribution of hydrogen can be studied with a palladium
layer, as hydrogen accumulation in the Pd layer induces a drop in the work function [18]. SKPFM
showed that in duplex stainless steel, hydrogen has a higher solubility and lower coefficient of
diffusion in austenite than in ferrite [19]. A recent study on SKPFM [20] demonstrated the grain
orientation dependence of hydrogen diffusion in austenitic stainless steel. Larignon ef al. used SKPFM
to determine the gradient of hydrogen content after hydrogen absorption on aluminium alloy. In this
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work, a correlation with Secondary lon Mass Spectrometry (SIMS) analysis made it possible to
discuss the SKPFM results on a surface with a native oxide film [14, 15]. Few studies have shown an
increase in CPD after hydrogen absorption in austenitic stainless steel and nickel, which corresponds
to a decrease in the work function [13, 21]. Additionally, Ma ef al. [21] showed a partially reversible
effect with hydrogen desorption on CPD.

In the present work, Scanning Kelvin Probe Force Microscopy (SKPFM) and Glow Discharge Optical
Emission Spectroscopy (GDOES) experiments were performed on 316L specimens after cathodic
charging. The combination of these two techniques proves the efficiency of SKPFM for hydrogen
localisation in stainless steels. Additionally, the correlation with a measurement of total hydrogen
concentration obtained by Thermal Desorption Spectroscopy (TDS) was used to quantify the hydrogen
distribution below the surface of the charged specimens. Finally, SKPFM data analysis offers the
opportunity to calculate an apparent diffusion coefficient using Fick’s laws.

The material studied was a AISI 316L stainless steel (wt%): Cr 17.3, Ni 12.4, Mo 2.4, Mn 1.8, C 0.03,
N 0.08 with an fcc austenitic microstructure which was characterized in a previous study [22]. The
alloy is non-textured with an average grain size of 53um. The samples were cylindrical with a
diameter of 12mm and a thickness of Imm. Specimens were embedded in epoxy resin and
successively ground down to 4000 grit using SiC paper. They were then cleaned with ethanol prior to
hydrogen charging on one side. Cathodic charging was used to introduce hydrogen into the alloy with
a standard three-electrode set-up consisting of a saturated sulphate reference electrode (0.6513V/SHE),
and a platinum grid as a counter electrode. The electrolyte solution was composed of 4g.L.”' NaOH
(0.1M) and 3g.L"! NH4SCN (0.039M). Ammonium thiocyanate was used to promote hydrogen
absorption [23]. The temperature was set at 50°C and the samples were exposed to a direct current of -
100mA/cm?. Total hydrogen concentration was measured using TDS (CGHE EMGA-621W from
Horiba). For these analyses, the sample dimensions were 4x10x0.5mm?®. Figure 1a shows the total
concentration immediately after different charging times. The total hydrogen concentration increased
with charging duration. Few differences were observed between 72h and 144h, the hydrogen
concentration reached a steady stage which probably corresponds to maximum local solubility. These
concentrations seem consistent with results obtained in previous studies under similar conditions [24].
Based on these results, two charging times were selected - 24h and 72h - giving 18+3wppm and
80+17wppm respectively (Figure 1). It is well known that hydrogen can diffuse into fcc material by
migration from octahedral-tetrahedral-octahedral positions at room temperature [25, 26]. This
diffusion induces hydrogen desorption which can be measured by TDS [10]. Figure 1b shows the
hydrogen concentration during the desorption step after a charging time of 24h and 72h. The hydrogen
concentration rapidly decreased during the first 48h and reached a plateau, which probably
corresponds to trapped hydrogen with a concentration of 6x1 and 16+5wppm for 24h and 72h charged
samples, respectively [10]. The other analyses presented here (SKPFM and GDOES) were performed
at least 48h after H-charging, and thus on the desorption plateau at which the total H concentration did
not change.

Figure 1: Hydrogen concentration of 316L versus charging time (a) and versus desorption time after
charging (b).

SKPFM analyses were performed on cross sections as presented on the sketch in Figure 2-a. This
method requires a high quality surface (low roughness and low strain hardening) so, after H-charging,
the cross section was prepared and ground with diamond paste down to Y4um and with a vibrating
polisher (colloidal silica), ultrasonically cleaned in ethanol and dried in air (preparation time: 48h).

SKPFM measurements were performed in air at room temperature with an Agilent 5500LS apparatus
from Keysight Technologies by single pass mode. Potential maps of 40um by 40um were successively



scanned from the charged surface to the bulk. A conductive tip (Si Pt/Ir coated from AppNano —
ANSCM-Pt) was used and a Au-Si-Al reference sample (model: PFKPFM-SMPL) was scanned before
each experiment as it has been reported that the CPD potential strongly depends on the experimental
conditions (tip, surface preparation, humidity, acquisition parameters) [27]. For our system and our
experimental conditions, the potential measured on the reference samples (Au and Al) were: Vcpp.au =
-0.19+0.04V; Vepp-ai= 0.3620.04V. The contact potential difference for a 316L uncharged sample was
located around 0.30+0.06V. The final results are presented with a correction of the potential to bring
the potential of the uncharged specimen to the same level, namely 0.3V. Figure 2 shows the CPD
obtained by SKPFM on cross sections from the hydrogen entry surface to the exit surface on 316L.
charged 24h and 72h after a desorption time of at least 48h. The CPD for an uncharged specimen is
also given as a reference. The CPD profiles presented in Figure 2a show a large increase on the
charged surface. After a 72h charging, the CPD dropped to the bulk value at 70um below the charged
surface. After 24h charging, the CPD dropped to the bulk value for a transition distance of around
40pm.

Figure 2: SPKFM CPD profiles as a function of distance from the H-charged side for 316L samples
(a) Charged 24h and 72h after a 2 day desorption (b) Charged 72h after a 2 and 9 day desorption

The measurements performed on the reference sample highlight the connection between the CPD and
work function. In fact, when the work function increased (4.20eV for Al, and 5.47¢V for Au [28]) the
CPD decreased. Some authors have suggested that hydrogen ingress induces a decrease in the work
function, which would result in an increase in the CPD [7, 13, 17]. These results imply that CPD
profiles can reflect hydrogen distribution beneath the charging surface of a metal [14]. But the next
question concerns hydrogen detection on a metallic oxide surface due to passive layer formation.

Few studies have given a physical interpretation for the drop in the SKPFM CPD with hydrogen in
steel [12, 29-32]. A possible interpretation draws on the fact that hydrogen induces a reduction of Fe**
to Fe’* in a native oxide film [12]. Moreover, two other studies conducted by SKP measurement on
bare steel samples [33] and pure iron foils [16], found that the work function of iron is determined by
the Fe?*/Fe* ratio in the oxide. In fact, this ratio should modify the band structure of the oxide and the
Fermi level position. However, many more factors may affect CPD, such as the formation of vacancies
and defective oxide structures [34].

In order to confirm the correlation between the CPD profile and hydrogen distribution, GDOES
analyses (Profiler-2 Horiba) were performed with a 4mm anode by sputtering the surface with argon
ions (14W at 850Pa), with an abrasion speed of around 1.75pm.min"".

Figure 3a shows the GDOES hydrogen profiles for an uncharged specimen and for a charged
specimen after 11 days of desorption. It is obvious that the hydrogen signal was much more intense
after H-charging. It was verified that, after H-charging, the GDOES profiles of the metallic elements
(Fe, Cr, Ni and S) were not significantly modified. C and O signals for the same samples were
checked (Figure 3b) and were similar for charged and uncharged samples. Moreover, the hydrogen
signal of the non-charged sample faded rapidly, as did the carbon and oxygen profiles. This suggests
that the GDOES hydrogen profile for the uncharged sample corresponds to surface contamination. In
contrast, for the charged sample, the decrease in the hydrogen signal was much slower than that of the
C and O signals. This proves that after H-charging and desorption at ambient temperature, hydrogen is
detected up to 60um to 90um under the charging surface, well below the contamination layer.
Moreover, the thickness of the region containing hydrogen is in good agreement with the KFM CPD
profile of Figure 2b for the 72h hydrogen charged sample.



Figure 3: GDOES profiles of a charged and an uncharged sample a) for hydrogen b) for carbon and
oxygen.

GDOES supports the previous results obtained with SKPFM, confirming that the CPD drop seems to
be correlated with hydrogen localisation. The influence of charging time on the CPD profiles (Figure
2a) is in good agreement with the TDS results as increasing the charging time led to higher hydrogen
content. Figure 2b shows the CPD profiles for a 72h charged sample after 2 and 9 days of desorption.
The profile was slightly wider after 9 days, but hydrogen distribution was not greatly modified
between 2 and 9 days of desorption.

The drop in CPD for a 72h hydrogen charged sample was large (around 500mV), compared with a
drop of less than 160mV obtained on an aluminium alloy by Larignon ef al [14]. These differences can
be explained by the effects of the materials, oxide properties and hydrogen concentration, which differ
between the two alloys. The penetration of hydrogen in a 316L obtained by SKPFM was not as high as
in aluminium alloy [14]. Actually, the diffusion coefficient of hydrogen is significantly different in
these two materials (between 107!'!-10""*m?/s for aluminium [14] alloy and 10"3-10""*m?/s for austenitic
stainless steels [6-8]). In addition, charging conditions and especially charging temperature can
strongly influence hydrogen ingress. For instance, here hydrogen charging was conducted at 50°C
whereas a temperature of 150°C was used for the above-mentioned results obtained on aluminium.

The diffusion coefficient D can be calculated from a gradient of concentration C(x) along a direction x
perpendicular to the surface of hydrogen ingress [35]. SKPFM and GDOES profiles were used here to
evaluate this parameter. Assuming the hydrogen desorption follows a Fick’s law in a semi-infinite
solid, the surface concentration is constant and for a material without any trap sites, we obtain [35]:

C(x) = Cq (1 — erf(%m)) (D

where C(x) is the species concentration at a given distance, Cs is the surface concentration, x is the
distance from the surface (m), D is the coefficient of diffusion (m?/s) and t is the charging time (s).

A second hypothesis is that the concentration of hydrogen is proportional to the CPD potential or the
GDOES signal over the bulk [6, 36, 37]. With this assumption it is possible to introduce a corrective
factor k, which converts the concentration in SKPFM or GDOES signals S:

S(x) =C(x).k 2)

where k is the corrective factor and S(x) the fitting signal at a given distance (SKPFM or GDOES).

Figure 4: SKPFM (a) and GDOES (b) calculated profiles and experimental signals of a 72h hydrogen
charged sample after several days of desorption corrected by an uncharged sample signal.

Figure 4 present the calculated SKPFM and GDOES profiles, respectively, compared to the
experimental profiles. The uncharged sample signals were subtracted from the experimental profiles.
According to McKibben et al. [35], at the end of H-charging, assuming the hydrogen profile is
controlled by diffusion, the surface concentration instantaneously drops to zero and the concentration
profile exhibits a maximum. Therefore, only the signal after the peak was fitted with equation (1).
Two informations can be deduced from these simulations, namely the apparent diffusion coefficient
and the surface concentration of hydrogen (Cs). Total hydrogen concentration measured by TDS after
72h charging on a sample of 500um was 80+17wppm. Given the results, hydrogen seemed to be
localized 76um above the charged surface, which corresponds to a mean concentration of
approximately 526wppm within those 76um. First, the curvature of the fitted plot is adjusted by
calculating the diffusion coefficient (eq. 1 and 2). Then, the corrective factor (k) was calculated (using
the area of the curves and hydrogen concentration) and this was used to determine a surface



concentration of 1863wppm from the SKPFM. This corresponds to an occupation of 10.4% of the
available octahedral sites. The surface concentration obtained from the GDOES and SKPFM profiles
are in good agreement (respectively 1680wppm and 1863wppm). The equivalent hydrogen pressure
(Pu2) associated with the hydrogen charging conditions considered in the present work can be
estimated (9.7x10%atm.) from Sievert’s law:

C;(wppm) = 33.1.,/Py,.exp(—11080/RT) 3)
with R the gas constant (J.K™' mol™!), T the temperature (K) and Py, the hydrogen pressure (atm.) [24].

A 72h charged sample gave an apparent diffusion coefficient of 1.4 .10"°m?/s and 2.2 .10"°m?/s by
SKPFM and GDOES, respectively. These results are in good agreement with those obtained using the
Arrhenius law developed in two other studies [13, 24] for a 304 and a 316L austenitic stainless steel,
which gave 1.7 .10"°m?/s and 1.3 .10"°m?/s, respectively, at 50°C (which corresponds to the charging
temperature used in our work). Chen et al. have already performed permeation tests on austenitic
stainless steel at 10°C with Devanathan-Stachurski cells and obtained an apparent coefficient of
diffusion of between 1.0-3.2 10-15m?/s for a similar steel composition [8].

To sum-up, TDS, SKPFM and GDOES provided a robust method to analyse hydrogen distribution
after cathodic charging in an austenitic stainless steel. The distribution was used to calculate an
approximate coefficient of diffusion using Fick’s laws (1.4 10"'>m?/s), which is in good agreement
with the data in the literature.
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