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Understanding hydrogen embrittlement in metals is an essential task for the energy transition, where hydrogen
plays a key role. Besides the economic consequences of embrittlement, safety aspects are a very important factor
to consider. Therefore, materials need to be screened in order to evaluate their mechanical response under
hydrogen influence. Besides macroscopic mechanical testing, in situ electrochemical nanoindentation and
micromechanical testing —in general— represent promising methods as they allow to characterize individual
microstructural features. In the established “front-side” charging approach, hydrogen enters the sample at the
same surface on which indentation tests are performed. An alternative is “back-side” charging, where hydrogen is
introduced at the opposite side of the indentation location. In the present study, a novel “side” charging cell was
designed and the results were compared to those obtained by “front-side” charging. For this purpose, a ferritic
steel with high chromium content (X6Cr17) underwent a grain coarsening heat treatment to ensure that multiple
nanoindentation experiments can be performed within a single grain. A similar grain orientation was tested with
both charging approaches. The novel “side” charging cell design outperforms the stiffness of the reference front-
side charging cell by 60 %. Both cell designs yielded constant Young’s moduli before, during and several hours
after charging. The hardness increased during charging due to hydrogen uptake, whereas the hardness settled
several hours after charging to the values before charging started. The presence of hydrogen at the indentation
side was confirmed by in situ X-ray diffraction using a self-reporting titanium film.

Diffusion
X-ray diffraction

1. Introduction macromechanical behavior and performed slow strain-rate tensile tests
after electrolytic pre-charging [5,16]. In situ electrochemical nano-

With its high gravimetric energy density of ~ 120 MJ/kg [1], indentation (ECNI) [4,6,7,11,17] as well as in situ micromechanical

hydrogen is an essential part in the ongoing energy transition aiming to
reduce carbon emissions and to stay below the 1.5 °C global warming
goal defined by the Paris Agreement under the United Nations Frame-
work Convention on Climate Change [2]. However, the use of hydrogen
can cause material interactions, which lead to embrittlement and
degradation in iron based alloys [3-5], nickel based alloys [6-8] and
other metals, such as Ti, Cu and Al [9-11]. These detrimental effects
need to be considered in related applications e.g., nuclear power, fuel
cell technology and oil and gas industry [12]. Hydrogen can be intro-
duced into a material of interest via cathodic charging, as well as high
pressure hydrogen charging [13]. Another promising method to intro-
duce hydrogen into the material and evaluate the mechanical properties
is hydrogen plasma charging [14,15]. Many authors have focused on the
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testing of tensile samples, cantilevers and micro-pillars [14,18-21] have
become versatile tools to investigate the mechanical response during
hydrogen charging. The first reported charging cell by Barnoush et al.
works with “front-side” charging approach, in which hydrogen diffuses
directly into the sample at the site of indentation [22-25,11,17]. An
alternative to this method is the so-called “back-side” charging reported
in [3,4,6,10]. There, hydrogen diffuses into the sample from the side
opposite to the nanoindentation tests. Kim et al. used this approach to
design a cell which can be operated in a scanning electron microscope
(SEM), enabling simultaneous testing and observation of the surface
[10]. The presence of hydrogen on the tested surface was confirmed via
a silver decoration method, where silver ions react with hydrogen atoms
in the sample and form nanoparticles on the surface when hydrogen is
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present [10,26]. Similar charging experiments on Ti-6A1-4V showed ti-
tanium hydride formation detected via electron backscatter diffraction
(EBSD) [10]. Pogrielz et al. recently performed in situ synchrotron ex-
periments on a duplex steel and observed an expansion of the austenitic
lattice due to hydrogen charging, while the ferrite phase remained un-
changed [27]. Depending on the metals tested, both approaches,
front-side and back-side charging, involve advantages and disadvan-
tages. Face centered cubic (fcc) alloys typically exhibit low diffusion
coefficients, because of their higher packing density and therefore
diffusion paths should be short to avoid long charging times [28]. For
these metals, front-side charging provides advantages, because
hydrogen uptake occurs directly at the site where the indents are per-
formed. However, the direct contact of the tested surface with the
electrolyte might lead to corrosion and makes it difficult to clearly
distinguish between corrosion and hydrogen uptake effects [4]. Surface
preserving electrolytes are a way to reduce corrosion damage [19].
Back-side charging avoids the contact of the tested surface with the
electrolyte and corrosion effects can be excluded. However, possible
hydrogen bubble formation and bursting at the interface between sam-
ple and electrolyte needs to be taken into account to avoid instabilities of
the current flow and the mechanical setup. Duarte et al. and Roa et al.
used Agar to form a hydrogel to ensure electrolyte-sample contact
during the whole experimental procedure and to introduce more vis-
cosity to reduce the effect of the bubble bursting [3,4]. Miiller et al.
continuously pumped the electrolyte through the cell to avoid bubble
formation [6]. Furthermore, when using thicker samples (> 2 mm),
reasonable experimental times are only possible, when investigating
body centered cubic (bcc) alloys with the characteristic higher diffusion
constant [3,4]. When investigating fcc alloys, the sample thickness
needs to be drastically reduced due to the low diffusivity, which might
lead to sample bending and an overall lower system/frame stiffness [6].
Consequently, the indentation depth also needs to be reduced to mini-
mize the applied forces. Hence, neither front-side nor back-side charging
is without drawbacks and novel cell-designs might find better solutions.

In general, investigations of the small-scale mechanical response
make it possible to evaluate the effects of hydrogen on the dislocation
emission and dislocation mobility. Barnoush et al. investigated single
crystalline Ni [22,23] and FeAl [25] as well as coarse grained Al [24]
and observed decreasing pop-in loads during hydrogen charging. The
same behavior was observed by Duarte et al. [4] for FeCr alloys. This
reduction has been attributed to a reduction of the dislocation line en-
ergy due to interaction with the diffusible hydrogen [29]. For single
crystalline Cu [23] no changes of the pop-in loads were observed. Ebner
et al. reported an increased scattering of the pop-in load for a nickel
based alloy due to surface steps that were produced during hydrogen
charging [7]. Another observation is the hardness increase after
hydrogen exposure, which is assumed to originate from Cottrell like
hydrogen atmospheres close to dislocation cores, which decrease the
dislocation mobility by pinning effects [3,4,7]. A decrease of the hard-
ness and Young’s modulus during front-side charging is partly explained
by surface damage due to the electrolyte [4], while others explain a
increasing Young’s modulus by artificial phenomena like a surface
pile-up formation [7].

Besides ECNI, Deng et al. performed micromechanical tests on micro-
cantilevers inside an environmental SEM (ESEM) [20,21]. They inves-
tigated the crack growth behavior of FeAl samples in high vacuum and
under water vapor pressures. The water vapor reacts with Al, which
introduces hydrogen into the sample. This limits the applicability of the
method to Al-containing materials. Hajilou et al. used a method similar
to the aforementioned front-side charging approach to electrochemi-
cally charge and test Fe-3wt%Si micro-cantilevers [18] and micro-pillars
[19]. They used a glycerol based electrolyte to avoid local corrosion.
Wan et al. performed in situ slow strain-rate tensile tests and charged the
sample via a hydrogen plasma in an ESEM [14]. The plasma prohibits to
simultaneously image and charge the sample. Via a separate plasma
charging cell inside a SEM, Massone et al. accomplished to perform
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tensile tests with simultaneous observation during charging [15]. Fang
et al. [30] used deuterium charging with a plasma to introduce the
hydrogen-isotope into tungsten and reported an increase in hardening
after charging.

The current work introduces a novel cell design for ECNI and
micromechanical testing, where the goal was to increase the overall
system stiffness and avoid the direct contact between electrolyte and the
tested sample surface by charging the sample from the side. X-ray
diffraction (XRD) measurements on a sample, coated with a self-
reporting Ti detection film, confirm the presence of hydrogen at the
indentation side due to titanium hydride formation. The results obtained
are compared with the front-side charging approach by testing the
ferritic steel X6Cr17.

2. Experimental methods
2.1. Material and testing methods

Experiments were performed with the commercially available
ferritic steel X6Cr17 (Stahlog GmbH, Germany), which was delivered as
sheet material with a thickness of 2 mm. Samples with a size of 18 mm x
18 mm for the front-side charging and 16 mm x 10 mm for the side
charging and in situ XRD measurements were prepared. To increase the
average grain size and enable multiple measurements within a single
grain, the steel was heat treated in a vacuum furnace (HTM Reetz GmbH,
Germany). The temperature was increased to 1300 °C with a rate of 20
K/min and then held for 4 h to promote diffusion and grain growth.
Afterwards, the temperature was decreased to 800 °C with a rate of 60
K/min and then held for 1 h resulting in an increased grain size after the
cooling process with 60 K/min. After heat treatment, the samples were
ground sequentially to 4000 grid SiC paper followed by a polishing with
3 um and 1 um diamond suspensions. In analogy to [3] the samples were
etched with V2A agent for ~ 10 s and vibropolished in a VibroMet 2
(Buehler, USA) with Struers OP-U solution (Struers GmbH, Germany) for 4
h. The side charging and in situ XRD sample was additionally wet
ground to at least 4000 grid SiC paper at those surfaces, which would be
in contact with the electrolyte (see Section 2.3). The aim was to produce
a smooth electrolyte-sample interface, which enhances adsorption of
hydrogen by reducing the recombination to gaseous hydrogen [9].

The microstructural investigations were performed in a Tescan Clara
SEM (Tescan Group, Czech Republic) with an Oxford Instruments Symmetry
S3 Electron Back-scatter Diffraction (EBSD) detector (Oxford Instruments,
United Kingdom). An acceleration voltage of 20 kV was used and the step
size in the EBSD maps was set to 4 um. The topography and pile-ups were
measured with a Keyence VK-X1100 laser confocal microscope (Keyence
Corporation, Japan).

The in situ XRD sample with the aforementioned side charging ge-
ometry was additionally coated with a Ti film on its upper surface,
which is jutting out from the electrolyte (see Fig. 2a). The deposition was
carried out using non-reactive unbalanced magnetron sputtering in a
laboratory scale deposition system. For film synthesis, a single 99.7 %
purity Ti target with a diameter of 50.8 mm and a thickness of 6 mm was
used. The substrate was mounted on a rotating sample holder with a
distance of ~ 45 mm to the target. The rotation speed of the sample
holder was 50 rpm. The vacuum chamber was evacuated to a base
pressure of 9 - 107% mbar. Prior to deposition, substrate etching was
performed for 2 min in Ar atmosphere at 3.8 - 102 mbar, using asym-
metric bipolar pulsed d.c. bias voltage of —500 V, with a frequency of 50
kHz. Simultaneously, the Ti target was sputter-cleaned, running at 0.1 A,
below closed shutter. The deposition was performed in current-
controlled mode for 30 min. The target current was set to 0.35 A and
the Ar flow rate to 30 scem, corresponding to 0.5 - 10”3 mbar working
pressure. No substrate heating was applied. The resulting film thickness
was ~ 500 nm.
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2.2. Indentation

All indentation experiments and the corresponding in situ designs
were implemented in a KLA G200 nanoindenter (KLA, USA). Experiments
were performed at room temperature with a diamond Berkovich tip
(Synton-MDP, Switzerland) and a constant indentation strain-rate (P/P)
of 0.05 s~ up to an indentation depth of 2000 nm. The tip movement
was superimposed with a harmonic displacement of 2 nm and a fre-
quency of 45 Hz, which allows a continuous stiffness measurement
(CSM) and therefore a continuous evaluation of Young’s modulus and
hardness. All experiments were evaluated according to Oliver and Pharr
[31] using a Poisson’s ratio of 0.29 for the steel sample. For the diamond
tip a Poisson’s ratio of 0.07 and a Young’s modulus of 1141 GPa was
used. The CSM oscillations lead to a multitude of hardness and Young’s
moduli values during the indentation experiment. Those values were
averaged between an indentation depth of 1500 nm and 1900 nm and
used to compare different charging conditions.

2.3. Cell design and calibration

2.3.1. Conventional front-side charging approach

The front-side charging cell used for the experiments is depicted in
Fig. 1 and a detailed description can be found in an earlier publication
[7]. To operate this cell, a tip with an elongated indenter shaft for fluid
environments is used to accomplish indentation experiments through
the electrolyte. Moreover, the indentation system has to be equipped
with a lifting table to adjust the sample position to the designated mi-
croscope focus height and indentation height, as well as to allow for the
elongated tip to be submerged into the electrolyte. Barnoush and Vehoff
used an indentation system with an elongated indenter tip and a mobile
measurement head [22] instead of the lifting table. Overall, both the
elongated shaft and the lifting table reduce the machine/frame stiffness
of the nanoindentation system.

To avoid post-experimental manual adjustment, the tip area function
as well as the custom system stiffness was evaluated by mounting a fused
silica specimen on top of a dummy sample. During the experiments, the
sample is held in place with the Teflon cover and an additional sealing to
avoid leakage of the electrolyte compartment. A platinum wire and an
Ag/AgCl electrode was used as counter/reference electrode,
respectively.

2.3.2. Side charging cell

The novel side charging cell, shown in Fig. 2, was developed to use
standard metallographic stub geometry with a diameter of 40 mm,
which can be included in a conventional indentation sample tray. This
setup offers the further advantage that the cell can be used in any
indentation system (as exemplified in Fig. 2b) without the need of an
external lifting table, movable measurement head or an elongated tip for

a

Elongated tip

Counter electrode
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fluid environments. Moreover, it can be utilized in an X-ray diffrac-
tometer (see Section 2.5) or other devices to perform in situ measure-
ments. The side charging cell consists of a Teflon electrolyte
compartment, which holds roughly 8 ml of electrolyte depending on the
sample size. An aluminum adapter was used to hold the sample with the
geometry of 16 mm x 10 mm X 2 mm in an upright position. The base
plate was manufactured of aluminum and connects the adapter piece to
the electrolyte compartment. The sample is electrically contacted via the
base plate and the adapter piece. A platinum wire is used as counter
electrode and the electrolyte is filled up to the conical marking on the
Teflon compartment, so that the sample juts out of the electrolyte by 1.0
to 1.5 mm. This jut ensures that the electrolyte does not cover the top
sample surface even if bubbles form. Based on this considerations, the
maximum diffusion distance to the middle of the sample’s top surface is
~ 1.5 mm.

The novel cell design also allows to easily adjust the setup to sheet
materials with different thicknesses and it allows to test cylindrical
samples by replacing the adapter. Furthermore, the outer cell diameter
could be modified to other diameters if necessary.

2.4. Electrochemical parameters

An electrolyte according to [19], consisting of 1.3 mol/l sodium
tetraborate decahydrate (NapB407-10H20) in glycerol ((HOCHj3)s.
CHOH) was used to decrease the amount of surface damage introduced
during front-side charging. The solution was diluted with 20 vol%
distilled water to reach adequate conductivity. 1 g/1 thiourea (CH4N5S)
was added as recombination poison to enhance hydrogen adsorption.
The sample was connected as the cathode and a platinum wire was used
as anode. The exposed cathode surface was assumed to be 1.33 cm? for
the front-side charging and 3 cm? for the side charging setup. A Gamry
1010B potentiostat (Gamry Instruments, USA) was used for all ECNI and in
situ XRD experiments. Indentations were performed (i) without elec-
trolyte, (ii) after adding electrolyte while leaving the cell under open
circuit potential (OCP), (iii) after charging the sample with 1, 2 and 3
mA/cm? and (iv) after a holding period of 100 h in air. For both cell
designs, the current density was kept constant during the indentations to
enable a continuous hydrogen supply and comparable results. To ensure
that the hydrogen has sufficient time to diffuse to the indent location
during side charging, each charging step was performed for 3 h before
the indentations started. The duration was decreased to 1 h for the
front-side charging cell, since the hydrogen is formed directly at the
indent site. A diffusion coefficient of 1.5 - 10~° cmz/s, similar to [4], was
assumed.

2.5. In situ XRD

Confirming the presence

of hydrogen originating from

b

Lifting table,

SN

Reference electrode |

\\\\\\\\\\\a&m__

Lifting table

Fig. 1. (a) Schematic drawing (adapted from Ebner et al. [7]) and (b) photograph of the front-side charging cell. The sample in (a) is depicted as a black rectangle.
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Fig. 2. (a) Schematic drawing of the novel side charging setup. The sample is depicted as a black rectangle. (b) Photograph of the novel side charging setup in a

conventional sample tray for 40 mm samples.

electrochemical charging presents a consistent challenge in the
hydrogen embrittlement and ECNI community. To address this question,
in situ XRD measurements were employed. Accordingly, the side
charging cell, as depicted in Fig. 2a, was placed in an adapter and
mounted in a Bruker-AXS D8 Advance diffractometer (Bruker, Germany)
(see Fig. S 1). The measurements were conducted in Bragg-Brentano
geometry utilizing CuK, radiation. Diffractograms were acquired
within the 26 range from 30° to 90° with a step size of 0.01° and an
integration time of 0.5 s. Measurements were performed on the Ti-
coated sample before the charging process started and were repeated
every 3 h after the charging started, up to a maximum duration of 21 h.
Initially, a current density of 1 mA/cm? was applied for the first 6 h of
charging. Afterwards, the current density was increased to 3 mA/cm? for
the subsequent 15 h to ensure a sufficient hydrogen supply.

3. Results and discussion
3.1. Microstructure

As depicted in Fig. 3a and b, due to the heat treatment, grain sizes
above 1 mm were observed for the side charged and front-side charged
sample, respectively. Both samples were scanned via EBSD to find
similarly oriented grains. The angular deviation of the tested grains,
which are highlighted in Fig. 3a and b by bold lines, from an ideal (1 0 1)
grain was evaluated via inverse pole figures. In case of the side and front-
side charged sample, an angular deviation of ~ 7° and ~ 10° was found,
respectively; while those grains showed a deviation of ~ 6° between
each other. These small deviations enable to directly compare the

indentation results. Indents on and close to grain boundaries and in
other grains were not considered in the evaluation. The Vickers micro-
indents visible in Fig. 3a and b were used as markers to navigate during
the indentation experiments.

3.2. In situ XRD

The applied measurement principle assumes, that hydrogen is
absorbed into the steel sample and diffuses to the top surface where it
interacts with the Ti film. Fig. 4 presents diffractograms obtained before
and during hydrogen charging of the Ti-coated steel sample. The global
scan in Fig. 4a shows a high-intensity peak originating from the Ti film,
at a diffraction angle of ~ 38.4°, both before and after 21 h of hydrogen
charging. Peaks from the ferritic substrate material appear at higher
diffraction angles of ~ 64.8° and ~ 82.1°, also visible both before and
after 21 h of hydrogen charging. The deviation from the position to the
depicted value from the database is assumed to originate from the high
chromium content and other alloying elements in the ferritic steel. The
higher intensity of the two ferrite peaks before charging in comparison
to during the charging is a consequence of a slightly different sample
position. The measurement before charging was conducted prior to the
mounting of the wires used for the electrochemical charging. Addi-
tionally, the measurement after 21 h of charging shows a significant
peak evolved at a diffraction angle of ~ 35.2°, matching the expected
peak positions for titanium hydrides. A detailed observation of the peak
position during hydrogen charging in Fig. 4b shows a steady shift of the
Ti peak to lower diffraction angles. This observation can be related to
interstitial hydrogen increasing the lattice constant of Ti and therefore

Fig. 3. EBSD inverse pole figure maps of the (a) side charged and (b) front-side charged sample. The grain, which was tested shows an orientation close to (1 0 1) and
is highlighted with bold lines. The Vickers microindents were used for navigation during the indentation experiments.
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Fig. 4. X-ray diffractograms of the Ti-coated steel sample. (a) Global scan before charging (cyan) and after 21 h of charging (dark red). Peaks before charging (cyan)
and evolution during hydrogen charging from 3 h to 21 h (light red to dark red) for (b) Ti peak, (c) titanium hydride peaks and (d) steel/iron substrate peak. Note that
the intensity of the peak before charging (cyan) in (d) was adapted for an easier comparison of the peak position.

shifting the peak to lower diffraction angles, consistent with observa-
tions made by Pogrielz et al. [27] for the austenitic phase of a duplex
steel during hydrogen charging. However, it needs to be noted that
possible effects occurring at the interface between steel and Ti could
lead to a change of the residual stresses in the Ti film, which would also
result in a change of the peak position. Therefore, the formation of the
titanium hydride peak in Fig. 4c is a more obvious proof, that hydrogen
is present in the self-reporting Ti film and therefore in the underlying
steel substrate. The intensity of the titanium hydride peak increases with
charging time, representing a self-evident consequence of the ongoing
hydrogen supply. Furthermore, the slight asymmetrical peak and the
shift to lower diffraction angles over charging time indicates that more
than one titanium hydride phases are formed. Fig. 4d shows that the
peak position of the ferritic steel substrate is unaffected by hydrogen
charging, consistent with the results observed by Pogrielz et al. [27] for
ferrite. Preliminary results during this work also showed that no dif-
ferences in the diffractograms were present when a sample without Ti as
a self-reporting film was charged.

3.3. Indentation

Fig. 5a and b present exemplary load-displacement curves for the
different tested hydrogen charging conditions on the side and front-side
charged sample, respectively. In general, the depth-controlled curves in
both graphs exhibit a similar shape, with higher maximum loads
reached for the experiments performed during electrochemical charging
compared to those obtained before and after charging. Since the overall
frame stiffness differs from that for conventional measurements without
ECNI for both setups, the frame stiffness is adjusted post-deformation by

assuming a depth independent Young’s modulus. Therefore, the detailed
post-deformation adjustment of the frame stiffness and thus evaluation
of Young’s modulus yields constant values over the indentation depth
for the side charged (Fig. 5c) and front-side charged (Fig. 5d) sample. As
a further result, the total system stiffness can be evaluated, indicating a
stiffness increase by ~ 60 % from 2.1 - 10° N/m for the front-side
charging cell to 3.4 - 10° N/m for the side charging cell. The hardness
values for the side charged and front-side charged sample are depicted in
Fig. 5e and f, in which a hardness increase is seen in both cases for the
indentation experiments during charging.

The average Young’s modulus and hardness values between 1500 nm
and 1900 nm from all indents are summarized in Fig. 6. Fig. 6a and b
depict Young’s moduli, which show no significant variation before,
during and after charging for the respective cell types. Furthermore, a
comparison of Young’s moduli obtained during side charging and front-
side charging (Fig. 6a and b) shows no significant difference. The
hardness evolution of the side charged sample is presented in Fig. 6¢c and
shows constant hardness values before adding electrolyte to the cell
(“inAir”) and after adding electrolyte without applying any external
voltage (“OCP”). Note that in the case of the side charging approach, the
tested surface was continuously exposed to air. During applying an
external voltage, a stepwise hardness increase was measured while
higher current densities resulted in higher hardness values. This hard-
ness increase can be explained by an increasing hydrogen content in the
sample, which leads to higher pinning forces due to hydrogen Cottrell
atmospheres near dislocation cores [32]. Thus, a maximal hardness in-
crease of 15 % was measured for the side charged sample. 100 h after the
charging procedure, the dissolved hydrogen is assumed to be diffused
out of the material and consequently the original hardness values were
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Fig. 5. (a, b) Load-displacement diagrams and (c, d) Young’s modulus as well as (e, f) hardness over indentation depth for side charging on the left hand side (a, c, e)
and front-side charging on the right hand side (b, d, f). All diagrams contain exemplary curves for the indentation experiments before charging (cyan and blue),
during charging (light red to dark red) and 100 h after charging (green). Note that the cyan, blue and green curves overlap. The insets in (a) and (b) show the
indentation direction by a dark green triangle and the hydrogen charging with a H.

measured again. A similar hardness evolution was observed for the
front-side charged sample in Fig. 6d with slightly higher scattering and a
maximal hardness increase of 10 %. More data scattering for the mea-
surements during charging can be explained by bubble formation on the
sample-electrolyte interface and the testing through the electrolyte,
which correspondingly leads to more instabilities during the measure-
ments; a disadvantage which can be avoided by the novel side charging
approach.

Generally, the constant Young’s moduli and the hardness increase
and decrease during ECNI are in accordance with the back-side charging
results reported in [3,4], where several Fe-Cr alloys with 16 to 21 at.%

Cr have been investigated. However, Duarte et al. [4] observed a
decreasing Young’s modulus and hardness during front-side charging. It
is assumed that the reason for the change in Young’s modulus in [4]
could be the evaluation of Young’s modulus in a rather low depth of 90
to 100 nm, where the electrolyte might influence the results. According
to the data sheet of the X6Cr17 steel, the uniaxial Young’s modulus of a
polycrystalline sample is 220 GPa at 20 °C [33]. Pure iron shows a
Young’s modulus of 208.2 GPa in the polycrystalline condition, while a
single crystalline grain with a (1 1 0) orientation shows slightly higher
values of 214.3 GPa [34]. Using this analogy, slightly higher values than
220 GPa are expected for the present measurements on a grain, which is
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Fig. 6. Averaged values in a depth between 1500 nm and 2000 nm for (a, b) Young’s modulus and (c, d) hardness from all performed indentation experiments. The
results for side charging are depicted on the left hand side (a, ¢) and the front-side charging on the right hand side (b, d). All diagrams contain information about the
indents before charging (cyan and blue), during charging (light red to dark red) and 100 h after charging (green). The insets in (a) and (b) show the indentation

direction by a dark green triangle and the hydrogen charging with a H.

close to a (1 0 1) surface plane orientation. Furthermore, the Oliver and
Pharr evaluation [31] typically leads to an overestimation of the
Young’s modulus and hardness when pile-ups form during the experi-
ment. Those pile-ups are depicted in Fig. 7a and b for the side charged
and front-side charged sample, respectively. No significant difference in
the pile-up behavior at indents before and during charging are observed
when comparing the different charging approaches. Therefore, no
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pile-up correction was applied to either set of results.

The lower initial hardness during side charging compared to the
front-side charged sample can be explained by a lower dislocation
density due to an improved surface preparation. Another indicator for a
better surface quality is the appearance of pop-ins for the side charged
sample, which only appear at low dislocation densities and are not
observed for the front-side charged sample (see Fig. S 2). Furthermore,

=500

-1000

Depth / nm

-15001

——0h/inAir e
-2000{— 3 mA/cm? 1

0 5 10 15 20 25 30
Distance / pm

Fig. 7. Comparison of the pile-up formation of the (a) side charged sample and (b) front-side charged sample. The laser confocal microscopy pictures show indents in
the uncharged condition (0 h / inAir) (cyan). The arrow indicates the direction for the profile measurements. The same direction was chosen for the profile mea-
surements of the indent in the charged condition (3 mA/cm?) (dark red). The insets in (a) and (b) show the indentation direction by a dark green triangle and the
hydrogen charging with a H.
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those pop-ins were detected at lower loads for the charged condition as
shown in Fig. S 3. Duarte et al. made comparable observations in a
similar alloy [4]. It can be excluded, that the lower system stiffness of
the front-side charging cell and the applied stiffness correction falsify
the hardness evaluation, as the same sample was also tested on a stan-
dard cylindrical sample holder (see Fig. S 2b and section “Influence of
the system stiffness” in the Supporting Information). When comparing
side and front-side charging, differences in the local Cr content can be
excluded after comparing the samples by energy-dispersive X-ray spec-
troscopy (EDX). The lower hardness during side charging also lead to
increased material flow and therefore a more pronounced pile-up for-
mation compared to the front-side charged sample, as visible in Fig. 7a
and b.

The novel side charging approach introduces the capability to
conduct indentation experiments at various distances from the sample
edge. In the experiments outlined in this study, there was minimal
variation in distances, particularly for the indentations performed dur-
ing charging with current densities of 1, 2, and 3 mA/cm?. Additionally,
these experiments aimed to assess the equilibrium condition, which is
presumed to be achieved after 3 h of charging at a certain current
density, based on the diffusion constant reported by Duarte et al. [4].
The remarkably consistent hardness observed in the subsequent exper-
iments at a certain current density indicates successful attainment of an
equilibrium in the tested region (see low standard deviation in Fig. 6¢).
It is important to note that an increase in the distance from the sample
edge necessitates a longer duration to reach equilibrium. Moreover, the
equilibrium hydrogen content is anticipated to vary with the distance to
the sample edge.

4. Conclusions

We successfully implemented a novel approach for electrochemical
nanoindentation and used it to study the changes in mechanical prop-
erties of ferritic steel sheets with high chromium content (X6Cr17) due
to hydrogen charging. We compared the obtained results with experi-
ments performed with an established front-side hydrogen charging cell.
The results for both cell types showed constant Young’s moduli before,
during and after charging, while the hardness increased during charging
with increasing current densities. The following list summarizes the
advantages of the new side charging approach compared to the con-
ventional front-side charging:

- The electrolyte is not in contact with the tested surface and therefore

corrosion can be excluded to influence the derived mechanical

properties.

Conventional indenter tips can be used instead of tips with elongated

shafts for fluid environments.

Bubble formation at the electrolyte-sample interface is not directly

influencing the measurements because it takes place elsewhere from

the indent site — this leads to less instabilities and scattering during

the measurements.

The total system stiffness is increased by ~ 60 % compared to the

reference front-side charging cell [7], while it is expected that a

further stiffness improvement occurs when changing from a sheet

geometry to a cylinder geometry, because the sheet adapter adds

additional compliance.

- The cell can also be employed in other devices, such as an X-ray
diffractometer, to perform in situ measurements.

This list mostly applies to bcc materials, which possess a high
hydrogen diffusion constant. However, when investigating fcc materials
with lower diffusion constants, side charging leads to increased charging
times due to a significantly longer diffusion paths.

Besides the disadvantage for metals with a low diffusion constant,
the novel side charging approach opens possibilities to investigate
hardness differences on the top surface caused by diffusion gradients.

Acta Materialia 276 (2024) 120113

Furthermore, the increased stiffness and the versatile sample geometry
allow micromechanical experiments such as pillar compressions and
bending tests.
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