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Abstract: Hydrogen in combination with mechanical stress can lead to rapid degradation of
high-strength steels through environmentally assisted cracking mechanisms. The scanning Kelvin
probe (SKP) was applied to automotive martensitic steel grade MS1500 in order to detect local reactivity
of the surface after hydrogen uptake and tensile deformation. Hydrogen and stress distribution in
microstructures can be characterized by SKP indirectly measuring the potential drop in the surface
oxide. Thus, the links between electron work function, oxide condition, and subsurface accumulation
of hydrogen and stress have to be investigated. It was shown that plastic strain can mechanically
break down the oxide film creating active (low potential) locations. Hydrogen effusion from the steel
bulk, after cathodic charging in aqueous electrolyte, reduced the surface oxide and also decreased
potential. It was shown that surface re-oxidation was delayed as a function of the current density and
duration of cathodic hydrogen pre-charging. Thus, potential evolution during exposure in air can
characterize the relative amount of subsurface hydrogen. SKP mapping of martensitic microstructure
with locally developed residual stress and accumulated hydrogen displayed the lowest potential.
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1. Introduction

Hydrogen directly affects metallic materials by degrading their mechanical properties.
Hydrogen-assisted cracking (HAC) limits the application of high-strength steels (HSS) in different
branches of industry, such as the transport industry, because their sensitivity to cracking increases
proportionally with their strength [1-3]. High-strength steel fasteners or automotive high-strength
steel sheets may fail due to hydrogen-delayed fracture mechanisms. In the absence of residual stresses
or external loading, this environmental hydrogen can reduce ductility and create blisters and internal
cracks. Additionally, with the application of tensile stress with a stress intensity factor exceeding a
specific threshold, the hydrogen induces subcritical cracks, whose growth leads to failure [4-6].

Corrosion of steel or its metallic protective coating is the main source of hydrogen under service
conditions. It is well established that to induce HAC, critical diffusible hydrogen content in the HSS,
which is a function of local stress, must be reached [7-10]. The locations which are prone to cracking
are close to the corroding surface containing the highest hydrogen concentration (Figure 1) [8].

The resistance of an alloy to HAC is strongly affected by the interaction of hydrogen with
the microstructural heterogeneities that act as hydrogen traps [11-13]. It was found that reversible
(low-binding energy) traps often impart a degree of high susceptibility to HAC [12]. The hydrogen
concentration increases with increasing deformation and, thus, also with an increasing amount of
dislocations [12].
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Figure 1. Schematic of the hydrogen depth distribution close to a steel surface. With permission from
Elsevier Ltd. 2010 [8].

The schematic in Figure 1 shows that increased hydrogen concentration was found at the alloy
surface or subsurface. To obtain further insight, localized surface-sensitive methods have been used to
determine the distribution of hydrogen and the amount of stress close to the steel subsurface [14-21].
It was suggested [16,22] that the scanning Kelvin probe (SKP) and scanning Kelvin probe force
microscopy (SKPFM) are currently the most sensitive techniques available and can detect extremely
low quantities of hydrogen. The main interest is a possible application for the local quantification of
hydrogen and its distribution close to the steel surface as a function of the microstructure, hydrogen
traps, and stress [16,20,21]. One of the approaches for quantification links the ability of hydrogen to
chemically reduce the oxide film with the electron work function (potential) [20-24]. Using this approach,
the SKP was applied to determine the hydrogen diffusivity in hardened martensitic steels [24-26].

SKPEM with high spatial resolution showed that dislocation and vacancies at the interface
matrix/oxide are the main hydrogen trapping sites in ferritic steel [16]. SKPFM is an effective technique
to find the locations of hydrogen enrichment and developing pits or cracks in these locations [27,28].
It was shown that crack propagation is promoted by hydrogen enrichment of crack tip induced
by stress [28]. SKPFM can compare the changes in topography and electron work function due to
hydrogen uptake. It was observed that locations of low-electron work function related to hydrogen
accumulation create the nano-bulges [28]. Thus, hydrogen local enrichment decreases the cohesion
forces between atoms that lead to mechanical rupture and then propagation of microcracks [28].

The influence of the mechanical strain on the electron work function of different steels was
investigated in previous works [29-32]. It was found that tensile strain creates breaks in the oxide
film due to the emerging of dislocations and dislocation slip steps at the alloy surface. Potential SKP
mapping detects these low potential locations, which are directly related to defects in oxide films.

For assessment of hydrogen and stress, SKP and SKPFM measure the local electron work
function that is related to the conditions (thickness, degree of oxidation) of the surface oxide. Using
these techniques, hydrogen and stress only indirectly can be characterized in microstructures. Thus,
the links between local electron work function (potential), state of the oxide, concentration of the
subsurface hydrogen, and level of residual stress, must be investigated in detail. It can help in further
understanding their interaction at the local level. In this work the effect of hydrogen effusion (Figure 1)
on the oxidation of an alloy surface in the air was studied. In addition, SKP was used to visualize the
distribution of the strain in high-strength steel. Thus, locations with increased activity of the electrons
in pre-strained and hydrogen pre-charged samples can be determined.
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2. Materials and Methods

2.1. Materials and Surface Treatment

Specimens of cold-rolled automotive grade MS1500 steel plates (HSS) with a thickness of 0.8 mm
were used in the tensile and hydrogen uptake experiments. The chemical composition of the steel
is shown in Table 1 and the nominal mechanical properties determined according to ASTM E8/E8M
standard [33] are presented in Table 2. Specimens were cut from plates using laser cutting. Two sides
of the samples were ground down to P4000 by SiC paper, then degreased in acetone using an ultrasonic
bath, rinsed in deionized water, and then dried by compressed air. To stabilize the surface oxide after
polishing, the samples were aged in an oven at 100 °C for 1 h.

Table 1. Nominal compositions of the investigated materials (wt.%).

Material Fe C Si Mn P S Al Nb + Ti
MS 1500 Bal. <0.3 <04 <0.1 <0.02 0.01 >0.015 <0.1

Table 2. Mechanical properties of MS 1500 and SAE 1008 steels.

Material Yield Strength (MPa)  Ultimate Tensile Strength (MPa)  Elongation (%)
MS1500 1200 1500 7

The microstructure of HSS was fully martensitic with carbide precipitates and prior austenite
grain size in the range of 5-10 um. The dimensions of the samples for the study of hydrogenation were
30 mm X 30 mm X 0.8 mm and the tensile samples had gauge area dimensions of 10 mm x 10 mm.
To develop local tensile strain the tensile specimen was strained using a hydraulic tensile machine
Zwick HC25 (ZwickRoell, Ulm, Germany) at a constant strain rate of 1 x 1073 s71.

2.2. Electrochemical Treatment

To study the effect of hydrogen absorption on the potential of steel, cathodic charging of
the electrode was carried out. It was simply immersed in 0.1 M NaOH aqueous electrolyte and
cathodically polarized using the current densities of =5 mA/cm? and —25 mA/cm?. The setup included
a three-electrode cell containing a working electrode (steel plate 30 mm X 30 mm X 0.8 mm), a counter
Pt-mesh, and a reference Hg/HgO electrode. After treatment, the specimen was rinsed with deionized
water and then was dried in a stream of dry air. The tensile specimens preliminary pre-strained under
laboratory conditions were also used. The total time between the final grinding and the beginning of
SKP measurement was ca. 5 min.

To study the effect of permeated hydrogen on the potential of the steel surface, the steel membrane
was cathodically polarized from one side. After treatment, the sample was moved to SKP to study the
side of the membrane opposite to treated.

2.3. SKP Setup for Analysis of Stress and Hydrogen

SKP measures the contact potential difference between two metallic electrodes (the working and
the probe) separated by an air gap. The potential of the probe is calibrated which makes it possible
to determine the potential of the working electrode and apply a convenient electrochemical scale.
In this study, a height controlled SKP instrument from Wicinski-Wicinski GbR (Erkrath, Germany)
was used. The reference electrode was a CrNi alloy needle with a tip diameter of 100 pm, vibration
frequency of 9.8 Hz, and the distance to the working electrode surface was approximately 50 um.
Surface contour mapping (topographic profile) was carried out simultaneously with the potential
mapping. The measurements were performed in ambient air at 50%—60% relative humidity (RH) and
22 + 1 °C, which were defined as laboratory conditions. Prior to the measurement, the potential of the
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probe was calibrated above a saturated Cu/CuSOy electrode; all potentials are provided against the
standard hydrogen electrode (SHE). To verify the stability of the potential of SKP tip, the calibration
was additionally checked after the experiment. The SKP measurements in-situ, polarizing the working
electrode using potentiostat, involved a strong noise and this setup was difficult to apply. Thus, all SKP
measurements were performed ex-situ after surface treatment of HSS.

3. Results and Discussion

3.1. Potential Distribution above HSS after Grinding.

To determine the links between potential and the state of the surface oxide, SKP was used to
measure the evolution of the steel potential after oxide removal. The potential map (Figure 2A) of the
HSS sample was scanned within 5 min after grinding. The speed of scanning was 0.4 mm/s and the
densities of points were 50 mm (X-axis) and 200 mm (Y-axis). The native oxide film was removed and
the exposure in air during the period of measurements (125 min) led to the growth of a new oxide
film, which was accompanied by a corresponding increase in the measured potential from 50 mV to
approximately 150 mV (SHE).
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Figure 2. (A) Potential map of high-strength steel (HSS) surface after grinding with time of scanning at
125 min. (B) Monitoring of the potential taken above the surface of HSS after grinding plotted in direct
and in semi-logarithmic coordinates.

The oxidation of the steel under atmospheric conditions after grinding can be monitored at one
point on the surface (Figure 2B). Over the course of the exposure to the atmosphere, the dependence
of the potential vs. time asymptotically returns to the initial, pre-grinding potential of the surface
near 0.3 V/SHE. When using semi-logarithmic coordinates, the plot of the potential vs. time was
a straight line (Figure 2B). The potential can be considered as proportional to the oxide thickness.
In aqueous electrolytes the thickness of the oxide layer on the iron surface at the steady state is a
linear function of potential [34]. The direct correlation between potential measured by SKP and the
oxide thickness measured by glow discharge optical emission spectroscopy was obtained for stainless
steel [30]. The power law of oxide growth (Figure 2B) shows that the mass and charge transport
occur in the oxide layer assisted by high field migration of defects or species (e.g., oxygen vacancies).
According to X-ray photoelectron spectroscopy data [35], the oxide films formed on the iron surface
in the humid atmosphere consist of interlayer Fe3O4 and a top layer of FeOOH, and oxidation in
dry air completes the Fe,Oj3 top layer. The thicknesses of the oxide films formed in humid and dry
atmospheres were 2 nm and 3.5 nm, respectively [35].
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3.2. Effect of Tensile Strain on the Distribution of the Potential above HSS

The effect of tensile strain on the potential of mild steel tensile samples was described elsewhere [36].

The plastic tensile deformation generated dislocations and dislocation pileups. The emergence of the
dislocations at the mild steel surface and the formation of the slip bands broke down the surface oxide,
which created locations with decreased potential [36]. Thus, plastic strain close to 15% decreased
potential in a central (gauge) section of 150-200 mV. Afterward, the contact of the newborn surfaces
with air increased the potential due to the growth of a new oxide film. It was additionally evidenced by
atomic force microscopy, scanning electrochemical microscopy, and local electrochemical impedance
spectroscopy [30,31,36].

SKP was used to investigate the distribution of the potential above a gauge section of HSS tensile
samples after the application of strain (Figure 3). HSS exhibited a low limit for elongation to fracture of
ca. 7% (Table 2). The potential distribution across the gauge section of HSS after the application of 6%
of plastic strain resulted in necking at the center of the sample. The necking area of the surface was
observed visually and in a topographic profile (depth 40 um). An area of low potential related to the
necked area was found in the potential map (Figure 3B). Fresh surface areas, formed by the dislocations
and slip bands, decreased the potential by 150 mV. Exposure in ambient air slowly increased the
potential in the strained area and the potential difference increased by about 100 mV as a result of the
re-oxidation (Figure 3C). A similar passivation process took place after surface grinding (Figure 2B).
However, the deformed area, even after 24 h of exposure in air, exhibited a potential that was 80-90 mV
lower than the potential of the non-altered surface (Figure 3C). The electrochemistry of freshly created
surfaces developed Burstein and Kearns [37] showed accelerated hydrogen-reduction kinetics relative
to the oxide-covered areas of the steel surface. Even without external load, the residual stress in the
bulk might also influence hydrogen uptake in the steel as discussed by Lufrano and Sofronis [38].
From a particular study it can be concluded that SKP can determine the locations with increased
surface reactivity as a result of tensile straining of HSS.
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Figure 3. Schematic of the tensile sample (A), potential distribution across a gauge section of HSS after
a plastic strain of 6%, within (B) 0.5 h and (C) 24 h of strain application.
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3.3. SKP Assessment of Steel Surface after Cathodic Polarization in 0.1 M NaOH Aqueous Electrolyte

Hydrogen-assisted cracking is a result of interplay between stress and subsurface hydrogen. SKP
was mainly used to quantify hydrogen in steels coated by Pd films [20-22]. However, HSS surface
reactivity as a function of the efficiency of hydrogen uptake was not studied systematically. The SKP
surface assessment was carried out after cathodic hydrogen charging of steel MS1500 in a 0.1 M NaOH
aqueous electrolyte. The sample was ground and cathodically polarized using a current density
of =5 mA/cm? for 133 min. SKP potential mapping was carried out in the air within 5 min after
cathodic hydrogen charging (Figure 4A). Compared with profiles from Figure 2A of HSS after grinding,
it was possible to demonstrate that cathodic polarization and hydrogen inserted in the microstructure
significantly decreased the potential, which can be linked to oxide reduction and a decreased rate of
oxide film formation [23-26]. The profile shown in Figure 4B was measured after 1440 min of exposure
in air and had a potential distribution of 180 + 30 mV (SHE). This potential was lower than the initial
potential of 290 + 20 mV (SHE).
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Figure 4. Potential distribution above HSS measured after surface grinding and cathodic polarization
with a current density of —5 mA/cm? for a duration of 8 ks (133 min). (A) Five min after surface
treatment and (B) 1440 min after treatment.

The potential change after grinding and after grinding followed by cathodic polarization is
presented in Figure 5 in semi-logarithmic coordinates. In linear coordinates, the curves look like
those shown in Figure 2B. The potential for the hydrogen charged surfaces was lower than the
potential of recently-ground surfaces. The increase of the duration of the cathodic charging decreased
initial potential measured after treatment. It can be attributed to an increased subsurface hydrogen
concentration and thinner oxide film. Two slopes were found in the passivation dependencies of
the pre-charged surfaces (Figure 5). After initial potential delay, relatively quick potential increase
can be attributed to oxide growth controlled by hydrogen emerging from low-energy traps. Later,
the passivation kinetics are similar to that of pre-ground steel and the oxide-hydroxide film thickening
can be controlled by species migration in the oxide film.

Previous experiments related to the conditions of relatively mild hydrogen absorption. To study
the surface properties more related to hydrogen-assisted cracking, a cathodic current density of
—25 mA/cm? was applied for 266 and 1400 min in 0.1 M NaOH. After charging, rinsing in deionized
water, and quick drying in a stream of dry air, the potential at one point of the surface was monitored
(Figure 6A). The surfaces exhibited low potentials (Figures 5 and 6) in the range of —0.3 to —0.35 V/SHE,
which seeks to the standard reversible potential for a Fe/Fe?* electrode (—0.44 V vs. SHE). This showed
that the surface was nearly oxide-free. Exposure in the air increased the potential which can be a
result of the formation of surface oxide. However, the surface potential remained low for a relatively
long period which can be related to the effect of subsurface hydrogen. Thus, in a particular setups,
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hydrogen is affected on the surface oxide (Figures 5 and 6A) strongly comparing with the mechanical
removal of the oxide by grinding or by application of tensile plastic strain (Figures 2 and 3).
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Figure 5. Potential monitoring after surface grinding (reference) and grinding followed by cathodic
treatment with a current density of —5 mA/cm? for 2 ks, 3 ks, 4 ks, 8 ks, and 85 ks.
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Figure 6. (A) Monitoring of potential in ambient air at room temperature after grinding (1) and
hydrogen charging at —25 mA/cm? in 0.1 M NaOH solution during 4 ks (2) and 85 ks (3). (B) Potential
distribution after cathodic charging during 85 ks and exposure in air.

Three days after the cathodic treatment and oxidation in dry air, the map of potential was measured
(Figure 6B). The potential distribution was extremely non-uniform and the potential difference between
locations with low and high potentials reached as high as 400 mV. In some locations, the potential
had a low value, which can be the result of the interaction of subsurface hydrogen with a steel matrix
at a local state. The locations that were more positive than the initial potential of 0.3 V (SHE) can be
attributed to an increased thickness of the oxide-hydroxide film (Figure 6B). During exposure in air,
the absorbed atomic hydrogen can reduce the Fe3* species to Fe?*. On the other hand, oxygen in air
can oxidize Fe?* to Fe®* [20,23,25]. Thus, the impacts of hydrogen and oxygen can lead to the local
thickening of the surface oxide.

According to literature data [12], the emission of hydrogen from the steel after cathodic polarization
can continue for about 1 h. However, the thickness of the steel membrane, density, and energy of
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trapping sites drive the desorption rate and complete desorption could last a few hours for martensitic
or ferritic steels. Interaction of an active steel surface with the oxygen of air can increase the thickness
of the oxide/hydroxide layer, depending on the hydrogen concentration and the kind of traps near the
steel surface.

3.4. SKP Study of HSS Surface Interaction with Permeated Hydrogen

In the experiments given above, the hydrogen effused from interstitial locations and low-energy
traps close to the steel surface. To get information about hydrogen permeated into alloy bulk, the
SKP measurements have to be provided at the side of the steel membrane opposite the polarized
one. The hydrogen entry side of the steel membrane (0.8 mm thick) was polarized in 0.1 M NaOH
using a current density of =5 mA/cm? for durations of 8 and 16 ks. SKP was used to monitor the
potential of the opposite side within 5 min after treatment (Figure 7). Initial potentials were in
the range of 0.16-0.18 V/SHE. Polarization with an increased current density of —10 mA/cm? and a
duration of 90 ks did not change this value (Figure 7). These potentials are significantly nobler than
the potentials measured on the direct side, which were in the range of —0.2 to —0.3 V/SHE (Figure 5).
This could be caused by hydrogen diffusion limitations and lower hydrogen concentration in the traps
on the detection side. The passivation kinetics was similar to the surface grinding case (Figure 7).
During polarization, the detecting side contacted with air and SKP mapping showed uniform potential
distribution. The results showed that in this case, there was no significant hydrogen amount effused
from the alloy bulk after cathodic charging. However, it is possible to note that time delay before
the potential started to increase is in the range of 5-10 ks. From electrochemical permeation tests
performed according to ISO 17081:2014 standard [39] (not reported here), the complete desorption
of hydrogen from the detection side of 0.8 mm thick MS1500 steel sample after cathodic charging
using the same conditions as for SKP data was typically in the range of 1.5 to 2 h. It is close to SKP
measurements of time delay (Figure 7).
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Figure 7. Scanning Kelvin probe (SKP) monitoring of the potential measured at opposite side of a HSS
membrane after galvanostatic cathodic polarization (0.1M NaOH) of the working side at =5 mA/cm? for
durations of 8 ks and 16 ks and —10 mA/cm? for duration of 90 ks. The dependence of the passivation
after grinding is shown as a reference.

3.5. SKP Assessment of Stress and Hydrogen in Tensile HSS Sample

The important goal of this research was to study the interaction of absorbed hydrogen created
by cathodic water reduction with pre-strained HSS surfaces. The initial potential distribution of the
tensile specimen was flat and in the range of 380-395 mV/SHE. Then, 6% plastic strain was applied
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to the sample by tensile testing. A location with low potential, related to the necking of the sample,
was found in the SKP map (Figure 8A). The potential dropped for 150 mV which corresponds to the
data of Figure 3. Cathodic polarization with a current density of —25 mA/cm? and a duration of 4 ks
was applied to the whole surface of the sample. The monitoring of potential during hydrogen effusion
for a non-strained sample in air was shown in Figure 6A. Initially the potential distribution for a tensile
pre-strained sample was uniform at —0.25 V (SHE). The map in Figure 8B was obtained after exposure

in air that decreased the potential in the area of necking. This was likely caused by surface activation
by the hydrogen stored in the area of plastic deformation [12,18,38,40]. Thus, SKP confirmed that
the plastically deformed area possessed an excess of hydrogen stored in trapped locations, such as
the dislocations. This observation is in line with SKPFM measurement of the area containing a slip

deformation part and cracked part on SUS 304 stainless steel [40]. This area accepted low potentials
due to the accumulation of hydrogen.
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Figure 8. Potential profiles for a tensile sample of HSS after tensile straining (A), and after cathodic
polarization in an aqueous electrolyte and 24 h of exposure in air (B).

4. Conclusions

1.

The effect of tensile deformation on the potential of the high-strength steel was measured. Plastic
strain (6%), close to the level to fracture, locally decreased the potential for 150 mV and exposure
in air increased the potential. This is the result of the surface oxide breaking down with the
following oxidation of the deformed surface.

The potential of specimen was monitored after cathodic hydrogen charging. Hydrogen effusion
initially decreased the potential of steel for 300-500 mV and exposure in air and growth of surface
oxide increased the potential. Effusion of subsurface hydrogen delayed the oxidation as a function
of current density and duration of cathodic charging. Non-uniform distribution of the potential
related to different surface reactivity was found for the case of charging with high current density.
Hydrogen pre-charged or pre-strained surfaces showed prolonged electron reactivity. Locations

containing residual stress and absorbed hydrogen showed the lowest potential (electron work
function).
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