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SKPFM study of hydrogen in a two phase material. Experiments and modelling
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Scanning Kelvin Probe Force Microscopy (SKPFM) was used to study hydrogen diffusion in a duplex stainless steel. The experiments were conducted on specimens covered with a nanometric palladium layer and pre-charged with hydrogen. A finite element model (FEM) of hydrogen diffusion in a three phase system (ferrite, austenite and palladium) was developed to simulate the experiment. This model allows us to take into account the different diffusivity and solubility of hydrogen in the three phases. It is shown that the contrast observed in SKPFM correlates very swell with the distribution of hydrogen in the palladium layer determined from FEM modelling. This contrast is governed mainly by the hydrogen release into the palladium layer. On the other hand there is no direct relation between the observed contrast and the hydrogen distribution in the stainless steel microstructure. Our results show that SKPFM should be considered as a way to monitor locally the release of hydrogen into the palladium layer, rather than a way to map the hydrogen concentration in the material.

Introduction

Hydrogen embrittlement of metals has been studied for several decades. Over the past century, techniques were developed in order to better understand the interactions between hydrogen and metal microstructure. Two of the most common techniques are the thermal desorption spectroscopy [START_REF] Von Zeppelin | Thermal desorption spectroscopy as a quantitative tool to determine the hydrogen content in solids[END_REF] and the gaseous or electrochemical permeation techniques [START_REF] Boes | Electrochemical methods for studying diffusion, permeation and solubility of hydrogen in metals[END_REF].

These macroscopic techniques give us information about the impacts of microstructure on the mobility of hydrogen atoms and their trapping in lattice defects. However they should be ideally complemented by techniques allowing the localisation of the hydrogen in the microstructure. Direct analysis of hydrogen at the microstructure scale is exceptionally difficult although progress was made in the recent years using for example SIMS (secondary ions mass spectroscopy) [START_REF] Oudriss | Meso-scale anisotropic hydrogen segregation near grain-boundaries in polycrystalline nickel characterized by EBSD/SIMS[END_REF] or APT (atom probe tomography) [START_REF] Chen | Direct observation of individual hydrogen atoms at trapping sites in a ferritic steel[END_REF]. More recently, some studies proposed to use Kelvin probe microscopy (KPM) and AFM based scanning KPM (SKPFM) technique to detect hydrogen with high lateral resolution in various materials [START_REF] Senöz | Scanning Kelvin Probe as a highly sensitive tool for detecting hydrogen permeation with high local resolution[END_REF].

SKPFM can be used for local hydrogen detection, based on the variation of the electron work function with the changes in hydrogen content. Several studies have demonstrated some correlations between hydrogen behaviour and the measured potential using SKPFM in different materials, including mainly aluminium alloys [START_REF] Lafouresse | A Kelvin probe force microscopy study of hydrogen insertion and desorption into 2024 aluminum alloy[END_REF] [START_REF] Larignon | Combined Kelvin probe force microscopy and secondary ion mass spectrometry for hydrogen detection in corroded 2024 aluminium alloy[END_REF] and stainless steels [START_REF] Örnek | Hydrogen embrittlement of super duplex stainless steel -Towards understanding the effects of microstructure and strain[END_REF] [9] [START_REF] Hua | Scanning Kelvin probe force microscopy study on hydrogen distribution in austenitic stainless steel after martensitic transformation[END_REF] [11] [START_REF] Hua | The finding of crystallographic orientation dependence of hydrogen diffusion in austenitic stainless steel by scanning Kelvin probe force microscopy[END_REF]. In those studies, the observed space-and/or time-variations of the potential measured are discussed mainly in terms of local hydrogen concentration in the material. Some of those studies [START_REF] Lafouresse | A Kelvin probe force microscopy study of hydrogen insertion and desorption into 2024 aluminum alloy[END_REF] [START_REF] Larignon | Combined Kelvin probe force microscopy and secondary ion mass spectrometry for hydrogen detection in corroded 2024 aluminium alloy[END_REF] were conducted in air without any palladium layer covering the surface. The main disadvantage of this procedure is that the SKPFM measurement is actually conducted on an oxide layer, not on the metallic material itself. Any possible evolution of the oxide layer during the experiment is going to affect the measurement. This evolution of the oxide layer can be due to the oxygen present in the atmosphere and/or the desorbing hydrogen. In addition, the possible heterogeneities of the oxide layer related the material microstructure are usually not taken into account. Even when the experiments are conducted in nitrogen atmosphere [START_REF] An | Scanning Kelvin Probe Force Microscopy Study of Hydrogen Distribution and Evolution in Duplex Stainless Steel[END_REF] [10] [11] [12], it is impossible to avoid oxidation of the specimen surface, except for noble metals. To overcome this problem, the SKPFM measurements can be conducted on a material coated with a palladium thin layer which can prevent any variation in the state of the surface studied [START_REF] Evers | Spatially resolved high sensitive measurement of hydrogen permeation by scanning Kelvin probe microscopy[END_REF], [START_REF] Evers | The hydrogen electrode in the 'dry': A Kelvin probe approach to measuring hydrogen in metals[END_REF]. In that configuration, the measurement is sensitive to the distribution of hydrogen in the palladium layer. It was demonstrated by Evers et al. that the potential measured using SKPFM is related to the H + concentration in the nanoscopic water layer present at the surface of palladium at ambient atmosphere, which itself is in equilibrium with the local hydrogen content in the palladium [START_REF] Evers | Hydrogen detection in metals: a review and introduction of a Kelvin probe approach[END_REF]. So there is quite clear evidence in the literature that the potential measured in SKPFM is directly related to the hydrogen concentration in the palladium layer. However it can be questioned whether it does reflect the distribution of hydrogen in the material of interest located under the palladium layer. In this study, we tried to address this question by validating our experimental approach with a finite element model of hydrogen diffusion. The material used in this study is the duplex 2202 stainless steel. It was selected for several reasons. The two phases (ferrite and austenite) have very different hydrogen-related properties (diffusivity, solubility). It is then expected for the two phases to behave very differently with respect to hydrogen, thus enhancing possible H-related contrasts in SKPFM.

In addition, the grain size is far above the lateral resolution of SKPFM, which facilitates the imaging procedure. Finally data are available (diffusivity [START_REF] Skjellerudsveen | Effect of Microstructure and Temperature on Hydrogen Diffusion and Trapping in X70 grade Pipeline Steel and its Weldments[END_REF] [17] and solubility [START_REF] Olden | FE simulation of hydrogen diffusion in duplex stainless steel[END_REF] [18] of hydrogen at room temperature) for the two phases, which allows a reliable modelling of hydrogen diffusion in this system. Previous works were conducted on the modelling of hydrogen diffusion in duplex stainless steels [START_REF] Olden | Application of hydrogen influenced cohesive laws in the prediction of hydrogen induced stress cracking in 25%Cr duplex stainless steel[END_REF] [START_REF] Olden | Cohesive zone modeling of hydrogeninduced stress cracking in 25% Cr duplex stainless steel[END_REF] [21] [START_REF] Yuhei | Modeling of Hydrogen Diffusion Behavior Considering the Microstructure of Duplex Stainless Steel Weld Metal[END_REF]. However the usual Fick's equation was used in those works, which means that the difference of hydrogen solubilities in the two phases was just ignored. This is a drastic, and in most cases unrealistic, simplification. It is actually well known that the solubility of hydrogen is higher in austenite by orders of magnitude than in ferrite, so that, assuming an initial equal concentration in the two phases, there exists a driving force to transport hydrogen from ferrite to austenite. This phenomenon is known as "up-hill" diffusion after the works of Darken [START_REF] Darken | Diffusion of carbon in austenite with a discontinuity in composition[END_REF] on carbon in steels in 1949, in which diffusion is driven by the gradients of chemical potentials. The up-hill approach of solute diffusion is more general than the Fick approach where diffusion is assumed to be driven by concentration gradients. Very few studies addressed the diffusion of hydrogen in multiphase systems using the up-hill approach: this was done for solid-liquid aluminium alloys by Felberbaum et al. [START_REF] Felberbaum | Effective hydrogen diffusion coefficient for solidifying aluminium alloys[END_REF] and for duplex stainless steel by Olden et al. [START_REF] Olden | FE simulation of hydrogen diffusion in duplex stainless steel[END_REF].

Material and experimental methods

The composition of the 2202 duplex stainless steel used in this study was determined by Xray fluorescence and is shown in Table 1. Magnetic measurement using a sigmameter showed that the weight fraction of each phase is approximately 50%. The material was provided as a rolled plate 40 mm in thickness with pancake shaped grains parallel to the plate. A specimen 20x20x0.6 mm 3 was cut perpendicular to the rolling direction. A crosssection of that specimen is shown in Figure 1 . The microstructure is characterized by very elongated islands of austenite (γ) embedded in a matrix of ferrite (α). The islands can sometimes cover the whole thickness of the specimen.

Both faces of the specimen were grinded and polished down to 1-micron diamond paste, and finished with silica suspension. One face of the sample (observation side) was then electrochemically etched using 60% sulfuric acid in order to reveal the topography, so that phases can be identified in the AFM as explained later. The etched face was then coated with 20 nm of palladium by physical vaporization deposition (PVD) using a PECS machine.

The other face, i.e. the backside, was charged electrochemically with hydrogen for 24 hours at -1200 mV/SCE in deaerated water containing 30 g/L of NaCl. After electrochemical charging the sample was transported to the AFM chamber for SKPFM analysis. The time gap between H charging and SKPFM measurement was less than five minutes. It should be mentioned that H charging is carried out on one face only (backside) and that the specimen is not saturated in hydrogen at the end of charging.

The SKPFM measurements were conducted using a NanoWizard® 4 NanoScience AFM. The cantilever used is a MIKROMASCH conductive silicon tip, coated with platinum with a tip radius < 30 nm with a stiffness of 42 N/m and a resonance frequency of 350 kHz. The SKPFM measurements were conducted in air using amplitude modulation detection and dual pass lift-up scan. The topography was measured in the first pass using intermittent contact mode.

The contact potential difference (V CPD ) defined as:

(1)
with and the tip and sample work function respectively, was recorded in the second pass at a constant height of 50 nm above the sample. It should be mentioned that the contact potential difference may be defined differently in other papers, i.e.

. Both mechanical excitation for topography acquisition and electrical excitation for V CPD measurement were made at the resonant frequency of the cantilever.

is constant and hydrogen is known to decrease [START_REF] Evers | The hydrogen electrode in the 'dry': A Kelvin probe approach to measuring hydrogen in metals[END_REF] [25]. Hence, higher V CPD can be associated with higher hydrogen concentration in the palladium layer. In this paper the V CPD will be referred to as "the potential". Instruments AZtec® EBSD system combined with Nordlys hardware. In order to correlate the SKPFM measurement of hydrogen with the microstructure of the duplex steel, a methodology is proposed here to identify the two phases α and γ directly from the topography measured using AFM.

Figure 2 shows a comparison between an EBSD phase map and an AFM topography image of a specific zone of the sample. It shows that sharp steps are present at the phase boundaries.

Those steps are always ascending from ferrite to austenite. This is a result of the chemical etching conducted on the specimen. This particular feature allows us to identify the two phases unambiguously without the need of conducting an EBSD experiment on each analysed area. 

Modelling of hydrogen diffusion

A 2D finite element modelling of hydrogen diffusion across the specimen was conducted.

The modelled specimen consists of a tri-phased system: duplex stainless steel (ferrite + austenite) and a palladium layer on the top (Figure 3). The simulated microstructure is representative of the actual one shown in Figure 1. The different solubilities of hydrogen in the three phases were considered in the model.

Instead of the usual Fick's law, the following equation ( 2) was used and implemented in COMSOL Multiphysics [START_REF] Olden | FE simulation of hydrogen diffusion in duplex stainless steel[END_REF], [START_REF] Sezgin | Modelling and simulation of hydrogen redistribution in a heterogeneous alloy during the cooling down to 200 °C[END_REF]. This equation allows the modelling of up-hill diffusion of hydrogen from ferrite to austenite.

(

) 2 
where C is the hydrogen concentration in molar fraction, S is the hydrogen solubility in molar fraction.Bar -0.5 , t is the time in seconds and D is the diffusion coefficient in m 2 .s -1 . Eq. ( 2) is obtained when considering that the hydrogen flux is governed by the hydrogen chemical potential gradient instead of the concentration gradient considered in the Fick's equation [START_REF] Sezgin | Modelling and simulation of hydrogen redistribution in a heterogeneous alloy during the cooling down to 200 °C[END_REF]. Eq. ( 2) is then more universal than the usual Fick's equation that in principle is not usable for a multiphase system.

For symmetry reasons, the left and right sides of the specimen in Figure 3 are isolated boundaries (i.e. no flux of hydrogen is allowed through those boundaries). A given fugacity f of hydrogen is imposed on the charging surface (bottom surface). This fugacity will give two different surface concentrations C S of hydrogen in the two phases α and γ according to the Sievert law (Eq. ( 3)) [START_REF] Sieverts | Absorption of Gases by Metals[END_REF].

(

) 3 
The fugacity is set to a positive value (100 Bar) during the 24 hours of hydrogen charging, and then set to zero once the charging is finished. This means that for t>24 h hydrogen desorption is allowed through the bottom surface. The boundary above the palladium layer is set as isolated. This means that no hydrogen desorption is allowed through that surface.

Table 2 shows the different parameters used in the finite element model. A hydrogen fugacity of 100 Bar was chosen here as a typical value corresponding to our conditions of cathodic charging [START_REF] Liu | Determination of the hydrogen fugacity during electrolytic charging of steel[END_REF]. The time of the simulation is chosen to cover the 24 hours of charging and the time of observation. The diffusion coefficients and the solubility of austenite and ferrite were taken from the literature (see references in Table 2).

The diffusion coefficient and the solubility of hydrogen in the palladium are not available in the literature for nanostructure Pd layers obtained from physical vapour deposition. It is assumed that the hydrogen is deeply trapped in the Pd layer due to the very high density of crystal defects. This is why the solubility chosen is S (Pd) = 0.1 molar fraction.Bar -0.5 . This value is chosen high enough to ensure that a driving force exists to transport hydrogen from the ferrite and the austenite into the palladium. It is higher than the solubility in bulk (Pd) [START_REF] Gillespie | The Palladium-Hydrogen Equilibrium and New Palladium Hydrides1[END_REF],

because of the trap sites. The hydrogen diffusion coefficient D (Pd) chosen here is 10 -18 m 2 s -1 , which is lower by orders of magnitude than the bulk diffusion coefficient [START_REF] Holleck | Diffusion and solubility of hydrogen in palladium and palladium--silver alloys[END_REF]. There is evidence in the literature that diffusion of hydrogen in nano-grain palladium is indeed extremely slow. Using SKPFM in conditions similar to ours, Evers et al. [START_REF] Evers | Hydrogen detection in metals: a review and introduction of a Kelvin probe approach[END_REF] observed practically no lateral diffusion of hydrogen in a 100 nm Pd layer after 100 hours at room temperature. Assuming that they may have had anyway a lateral diffusion distance of 1 µm at maximum in 100 hours, this gives a diffusion coefficient of approximately 10 -18 m 2 s -1 at maximum, which is the input value chosen in the model. The corresponding diffusion time across the 20 nm Pd layer is about 400 s, which is short compared to the observation time in SKPFM (some hours or tens of hours). Solubility in ferrite S α = 2.8x10 -8 molar fraction.Bar -0.5 [START_REF] Kiuchi | The solubility and diffusivity of hydrogen in wellannealed and deformed iron[END_REF], [START_REF] Turnbull | Analysis of hydrogen atom transport in a two-phase alloy[END_REF] Solubility in austenite S γ = 7x10 -5 molar fraction.Bar -0.5 [START_REF] Turnbull | Analysis of hydrogen atom transport in a two-phase alloy[END_REF], [START_REF] Tsong-Pyng | Effects of deformation on hydrogen permeation in austenitic stainless steels[END_REF] Solubility in palladium S Pd = 0.1 molar fraction.Bar -0.5

Fixed fugacity of the charging medium f = 100 Bar

Results

Experimental results

Figure 4 shows one typical studied area of a specimen. Two types of ferrite grains are observed: "big" grains connected to other ferrite grains (those connected grains are marked "α" in Figure 4 b), and "small" grains embedded in bigger austenite grains (those embedded grains are marked "α e " in Figure 4 b). However, for the two embedded ferrite grains (α e ) the potential increase with respect to the austenite is much slower and less pronounced than that observed for the big ferrite grains. Because the potential increase is related to the hydrogen enrichment in the Pd film we can deduce that:

• First, the hydrogen enrichment is faster and more pronounced in the Pd above the ferrite grains. This is in agreement with the observations conducted by Evers et al. [START_REF] Evers | Hydrogen detection in metals: a review and introduction of a Kelvin probe approach[END_REF] with similar material and experimental conditions (hydrogen charging on the backside).

• Secondly, when analysing the ferrite grains (α e ) embedded in the austenite, this enrichment is almost inexistent, or at least very slow, and less pronounced.

This leads us to say that the hydrogen diffusion properties in the material influence significantly the entry of the hydrogen into the palladium layer. The high diffusivity in the ferrite would make the supply of hydrogen into the Pd film more efficient. On the other hand, the austenite has a low hydrogen diffusivity, which would make the hydrogen supply to the palladium layer less significant. These interpretations will be confirmed by finite element modelling.

Modelling of hydrogen diffusion

Figure 7 represents the hydrogen distribution in the cross-section of the specimen calculated from FEM modelling at different times. The hydrogen concentration is represented using a logarithmic colour scale.

The hydrogen concentration maps obtained are consistent with the solubility and diffusivity input data used for the two phases α and γ. First, the concentration tends to be much more homogeneous in the ferrite due to the high diffusivity of hydrogen in that phase.

Additionally, discontinuities of concentration are observed at interface boundaries. Those discontinuities are ascending from ferrite to austenite (up-hill diffusion) which is consistent with the hydrogen solubility in the two phases (S γ >> S α ). experimentally observed using SKPFM. This is strongly related to the fact that the hydrogen diffuses much faster in ferrite than in austenite. Even though the solubility of hydrogen in the ferrite is low, the ferrite can allow a fast transportation of hydrogen, which can explain the hydrogen enrichment of Pd film above the ferrite. The amount of hydrogen in the palladium film is related to the cumulative amount of hydrogen that is able to reach the palladium film through the two phases. Ferrite can provide more hydrogen than austenite to the palladium film.

Considering the ferrite grain α e embedded in the austenite (grain centred in x = 300 μm in Figure 7 and Figure 8), no hydrogen enrichment above this grain is observed. This can be explained by the fact that this grain is not percolated to the ferrite network. In other words, in order to reach this grain, the hydrogen must go through an austenitic zone, which in this case behaves as a barrier. These results are consistent with the experimental observations concerning the non-percolated ferrite grains (grains α e in Figure 4, Figure 5 and Figure 6).

Figure 8 shows that the rate at which the hydrogen enrichment occurs in the palladium layer above different ferrite grains is variable from one to another (even excluding disconnected ferrite grains). It is likely due to the morphology of the ferrite grains: the large corridors of ferrite (see for example the one centred in x=750 μm in Figure 8) provide more hydrogen to the palladium because it is less exposed to lateral "pumping" due to austenite grains than a narrow ferrite corridor (see for example in Figure 8 the ferrite regions centred in x≈550 μm or x≈940 μm).

Figure 9 represents the hydrogen distribution profile in the steel (2 μm under the palladium film) at different time during charging and SKPFM observation. Comparing Figure 8 with Figure 9, it is demonstrated that there is no obvious relation between the hydrogen distribution in the Pd layer (which reflects the measurements done on SKPFM) and the hydrogen distribution in the steel under this layer. Figure 8 shows that the Pd layer enriches in hydrogen above the ferrite, while the concentration of hydrogen is higher in the austenite than in the ferrite. Figure 9 shows indeed that at t = 24h (charging time) + 59h, the molar fraction of hydrogen can reach about 1. 

Conclusions

In this study, SKPFM was used for the detection of hydrogen in duplex stainless steel. The SKPFM measurements were conducted in hydrogen pre-charged specimens coated with a thin layer of palladium. FEM modelling of the hydrogen diffusion during the experiment was conducted as well. The model developed takes account of the different hydrogen-related parameters (diffusion coefficient, solubility) in the three phases present (ferrite, austenite, palladium).

The main conclusions of this work can be summarized as follows:

1) Over the investigated timescale, only the ferrite phase can provide the palladium layer with a significant amount of hydrogen, thanks to the high hydrogen diffusion coefficient in ferrite compared to austenite. This explains why only the ferrite phase gets brighter in the SKPFM measurement.

2) It was observed that the embedded (non-percolated) ferrite grains provide much less hydrogen (or even no hydrogen at all in some cases) to the palladium layer. This is due to the surrounding shell of austenite that behaves as a hydrogen diffusion barrier in this case.

3) It was shown that the hydrogen concentration in the palladium layer (which gives the contrast obtained in SKPFM) does not reflect the hydrogen distribution in the underlying material. This is why the SKPFM method used in this study should be considered as a way to monitor locally the release of hydrogen into the Pd layer, rather than a way to map the local hydrogen distribution in the bulk material.
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 1 Figure 1 Microstructure observation on a cross-section of the duplex specimen used in this study. The image
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 2 Figure 2: a) EBSD phase map with austenite in blue and ferrite in red, b) topography image measured by AFM
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 3 Figure 3 The geometry of the model used in the numerical study with austenite (γ) in blue, ferrite (α) in red
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 45 Figure 4 a) AFM topography map of the analysed region, b) identification of ferrite (α and α e ) and austenite
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 56 Figure 5 Ex-situ potential map measured by SKPFM at different times after electrochemical hydrogen
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 6 Figure 6 Potential line scan measured by SKPFM along the line indicated in Figure 4 b) at different times after
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 7 Figure 7 Cross-section hydrogen concentration maps calculated using FEM at different times: a) 2.4 hours of
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 8 Figure 8 represents the hydrogen distribution profile on the top of the palladium film at

  7 10 -5 in austenite (close to the interphase boundaries) while it is as low as 5 10 -9 in the ferrite. The absence of direct relation between the hydrogen distribution in the Pd layer and the hydrogen distribution in the steel microstructure suggests that the SKPFM technique (with a palladium layer) should not be considered as a direct method of local hydrogen mapping in the material. The technique is however sensitive to the local hydrogen release into the Pd layer.
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 9 Figure 9 Hydrogen concentration profile in the steel (2 μm under the Pd film) at different time: 2.4 h of

Table 1 Composition of the duplex 2202 stainless steel used in this study (wt %).

 1 

	Fe	Cr	Ni	Mn	Mo	Si
	Bal.	23.16	2.64	1.29	0.23	0.41
	Phase characterization was performed using EBSD. The measurements were carried out with
	a Carl Zeiss ∑IGMA series scanning electron microscope (SEM) equipped with an Oxford

Table 2 Parameters used for the simulation of hydrogen diffusion in the duplex stainless steel using COMSOL.

 2 

	Simulation time

Hydrogen concentration profile at the surface of the palladium film at different time: 2.4 h of charging, and 24 hours (end) of charging, 24 h of charging + 3 and 59 hours of SKPFM observation. FEM modelling.