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Abstract

An electrolyte for electrochemical hydrogen charging of corrosion-susceptible alloys is developed, which pre-

serves the surface integrity at nano-scale by minimizing the surface roughness alternation. To assure the formation

and adsorption of the hydrogen from the electrolyte, permeation tests were performed on Fe 3wt.%Si ferritic steel.

X-ray photoelectron spectroscopy method was used to check the effect of the glycerol-based solution on the chemical

composition of the sample surface. The surface analysis revealed minimal chemical and topography alteration on

the surface after different electrochemical treatments. Various types of in situ small-scale mechanical tests such as

nano-indentation, micro-pillar compression, and micro-cantilever bending tests were performed inside this electrolyte

while the samples being charged with hydrogen under cathodic potential. These small-scale mechanical tests showed

that the solution facilitates studying hydrogen embrittlement in nano- or micro-scale.
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1. Introduction

Most high strength and high performance alloys will experience a premature rupture when exposed to hydrogen

(H) [1, 2]. This phenomenon is called hydrogen embrittlement (HE) which is caused by the presence of H in metals [3].

H typically gets into the metal by surface adsorption followed by absorption and the diffusion/trapping phenomenon

[4]. A vast amount of scientific research has been carried out on HE since 1874 when the very first report about5

the deleterious effect of H on the mechanical properties of steel was published by Johnson [5]. These researches

led to several proposed mechanisms [6–11]. Interaction of the H with microstructure and crystal defects, such as

dislocations, vacancies, phase boundaries, grain boundaries, or precipitates (e.g. carbides) is determinant factor toward

understanding the HE phenomenon [12–15]. In a typical macroscopic test, these defects that are distributed within

the sample will start to interact with H at different incidents within the course of the testing [16–18]. Due to the10

large scale of the test and the large number of the defects involved, it is very hard to get mechanistic insight from

the interaction of the defects with H. Such a mechanistic knowledge of H effect on defects is extremely valuable for
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modeling the HE phenomena and development of predictive tools which are highly demanded by the industry. One

possible approach to study the mechanism of the H interaction with different microstructural features in detail and

gain mechanistic information is to perform micromechanical [19–21] or nanomechanical [22–24] tests. Investigation15

of HE phenomenon in small scales imposes some experimental complications. As an example, in situ H charging is

mandatory versus ex situ H charging for most metals [25, 26]. Because, out gassing of H from small-scale samples

leads to the rapid H out-gassing and depletion. The necessity of in situ testing becomes more pronounced for the alloys

with higher H diffusion rate [27]. Electrochemical charging of H is one of the extensively utilized approaches in the

literature [28, 29]. However, a major challenge during small-scale testing combined with electrochemical charging20

of the sample is to preserve the surface roughness and the integrity of the micron-sized samples at the nanometer

scale. Usually, in situ electrochemical small-scale testing takes several hours (including charging and testing time

under slow strain rates) to accomplish. As a result, preserving integrity of the nano- or micro-scale samples turns

to a challenging issue. Post-mortem analysis such as electron backscatter diffraction (EBSD) or electron channeling

contrast imaging (ECCI) of the in situ electrochemically H charged and tested surface or micron-sized samples also25

requires an intact surface quality [30, 31]. Under cathodic electrochemical potentials, although the overall surface

would be preserved from corrosion, local variations in electrochemical potentials and chemistry of the electrolyte

such as dissolved oxygen content and pH will result in small local areas corrosion and alteration of the surface which

is unacceptable for small-scale testing while in a macroscopic test can be easily disregarded. The authors experienced

the destruction of the small-scale testing samples (1 micrometer in diameter pillars) inside the borate buffer solution30

which is known to be a non-corrosive solution for iron base alloys [32]. These pillars were under cathodic polarization

for several hours (Fig. 1). Experienced failure was the motivation for developing the solution introduced in this paper.

[Figure 1 about here.]

To overcome this problem, we used a similar strategy as proposed by Macák et.al [33, 34]. They increased the

viscosity of the electrolyte by replacing water with glycerol to control local concentration fluctuations and pH bursts35

in the electrolyte for growing nanotubes longer than 500 nm with higher aspect ratio inside acidic based solutions.

Here, we report the application of such glycerol-based electrolyte for H charging during in situ small-scale mechanical

testing to assure the sample surface integrity in nanometer scale. To show the applicability of this new electrolyte

as a medium for electrochemical H charging, we performed electrochemical H permeation tests to confirm the H

generation and uptake on the surface and to estimate subsurface H concentration (Section 3.2). Further, the sample40

surface composition was analyzed using the X-ray photoelectron spectroscopy (XPS) method after electrochemical

charging under both cathodic and anodic current densities and the results were compared to the electropolished sample

(Section 3.3). XPS analyses were carried out in order to investigate the probable effect of the new solution on the

surface chemical composition during electrochemical charging. Several types of in situ small-scale testing such as in

situ electrochemical nano-indentation, in situ electrochemical micro-pillar compression, and in situ electrochemical45

cantilever bending tests were successfully performed inside the glycerol-based solution to show the capability of using
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this electrolyte in the small-scale testing of steels (Section 3.4).

2. Experimental procedure

2.1. Material

Sodium Tetraborate, Decahydrate, ACS Grade with a 99.5% purity (Na2B4O7.10H2O) from VWR chemical com-50

pany and glycerol anhydrous for synthesis (HOCH2)2CHOH from Merck company with a purity higher that 99%

were used to make the electrolyte. The composition of the solution was 1.3 mol/L borax in glycerol and diluted with

double distilled water of 20 volume percent to obtain the adequate conductivity. A Consort K911 R© instrument was

used for resistivity measurements. The solution had a resistivity of 380 Ωcm at 25 ◦C. This number decreased to

290 and 160 Ωcm at 30 and 50 ◦C, respectively. A PHM210 Standard pH Meter R© was used for pH measurement. The55

pH of this solution was ∼ 7 and the boiling point was measured to be ∼ 106 ◦C. Differential scanning calorimetry

(DSC) technique was used to measure the freezing point of the solution. DSC 250 R© from TA Instruments was used

to perform the test. According to the heat flow- temperature curve presented in Fig. 2, there is a distinct change in the

heat flow slope around ∼ −58 ◦C which is considered as the start point for the freezing peak. The reported curve was

obtained at 10 ◦C/min scan rate measurements from 40 ◦C to −80 ◦C. Since decreasing the cooling rate gives a nar-60

rower and sharper freezing peak [35], no detectable change was seen in the DSC measured thermogram by 2 ◦C/min

cooling rate down to −80 ◦C.

[Figure 2 about here.]

Fe–3wt.%Si alloy, which is a simple ferritic steel, was chosen as the testing material in this study. The chemical

composition of the alloy is provided in Table 1.65

[Table 1 about here.]

This material has a high diffusivity and low solubility for H that is typical for ferritic steels [6, 36]. Fe–3wt.% Si,

similar to other low alloy steels, has low corrosion resistance [37] and widely used in HE studies [8, 38]. The alloy

was received in coil form with 1 mm thickness. Disc-shaped samples were cut from the coil by electrical discharge

machining in diameters of 12 mm and 29 mm for in situ mechanical and permeation testing, respectively. The samples70

for in situ mechanical test were heat treated at 1200 ◦C under vacuum at a base pressure of 1 mPa for one week and

cooled in furnace to achieve coarse grains in the range of millimeters.

2.2. Permeation test

2.2.1. Apparatus and sample

A permeation cell made from glass with a capability of sealing all the openings was used in this study. This enables75

submerging the permeation cell into a water bath of steady temperature. The testing sample was located between the
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two cathodic and anodic cells, and sealed using a part made out of Kel-F R© (Polychlorotrifluoroethylene) and POM

(Polyoxymethylene). Platinum wires and silicon gaskets were used as the counter electrode and sealing for the caps,

respectively. Hg/HgSO4 type reference electrode was used during the tests and all the potentials were reported versus

this reference electrode. The permeation cell was submerged into a water bath. The complete permeation setup80

including the water bath was placed inside a Faraday cage. The diameter and the thickness of the sample were 29 mm

and 0.95 mm, respectively. The sample surface was prepared by grinding down to grit No. 4000 and mechanical

polishing down to 1 µm on both cathodic and anodic sides. The exposed area of the sample was 4.4 cm2 after

mounting between the compartments of the cell.

2.2.2. Testing procedure85

Two GAMRY reference 600+ potentiostats were used to control the current and the potential under galvanostatic

and potentiostatic modes in the cathodic and anodic cells, respectively. Open circuit potential (OCP) measurements

were done on each side of the cell for ∼ 2 hours, up to reaching a steady state potential. The OCP potential was

measured to be ∼ −1100 mV on each permeation side. A potentiostatic potential of 0 mV was applied in the anodic

compartments for 24 hours so that we could extract all of the possible diffusible H present in the sample. After90

reaching a steady state value, the current is considered as the background current. Galvanostatic charging was used

in the cathodic side. Permeation tests were performed under −100 , −50 and −10 µA/cm2 cathodic current densities

while keeping the bath temperature constant at 50 ◦C. One additional test with a cathodic current of −10 µA/cm2 at

30 ◦C was also done to check for H permeation inside the new electrolyte, at low current density and temperature.

During charging transient, the current in the cathodic side was kept constant until a steady state value had been reached95

on the anodic side. Single anodic polarization was used during discharging transients. Current measurements in the

anodic side continued until a new steady state had been reached when all of the diffusible H in the sample was diffused

out. During the charging and discharging transients, the anodic potential was kept constant at 0 mV. Three sets of

charging and discharging transients were repeated in each permeation test condition. One sample was used during the

main and additional series of the permeation tests without stopping the tests. The presence of irreversible trapping100

sites was only possible to be evaluated by comparing the data from the first and subsequent H charging transients

under the testing condition of −100 µA/cm2 and 50 ◦C. Irreversible trap sites are usually defined as microstructural

sites at which H has long residence time and larger binding energy relative to migration energy for diffusion [39]. All

this type of trapping sites is occupied during the first permeation transient done on the sample. The difference between

the first and subsequent permeation transient can be used to evaluate the presence of irreversible trapping site in the105

sample.

2.3. Electrochemical testing

The used electrochemical cell was a three-electrode setup, consisted of sample as the working-, platinum wire

as the counter- and Hg/HgSO4 reference electrodes. Reference electrode was connected to the cell through a double
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junction. The same cell was used for in situ small-scale mechanical testing in combination with the nano-indentation110

setup. All potentials in this work were reported versus Hg/HgSO4 reference electrode. The polarization curve of the

Fe–3wt.%Si alloy was obtained at room temperature with a scan rate of 1 mV/s after being kept at OCP for 10 min,

in the glycerol-borax solution using a PGU-1A-OEM R© instrument from IPS company.

2.4. X-ray photoelectron spectroscopy

The XPS method was used to check the effect of the glycerol-based solution on the chemical composition of115

the sample surface under both cathodic and passive currents. Fe–3wt.%Si samples with three different charging

backgrounds were compared with one another. The first sample was electropolished using a mixture of methanol

and sulfuric acid after grinding and mechanical polishing [40]. After electropolishing, the root mean square (RMS)

surface roughness was 1.5 nm. This sample will be called “EP” in the text. The second sample was electropolished

and kept at OCP potential for 10 min and charged under cathodic potential of −1400 mV for 5 hours. The second120

sample will be called “EP+C” in the text. The third sample was electropolished and then kept at OCP potential,

−1400 mV cathodic potential and 0 mV anodic potential for 10 min, 5 hours and half an hour, respectively. This

sample will be called “EP+C+A” in the text. The samples were rinsed with splash of distilled water and ethanol to

remove the excess electrolyte to avoid further reactions on the surface. Then the samples were transferred straight

to the XPS analysis inside a desiccator to minimize the time and any interference from the environment. The XPS125

analysis was carried out using a Kratos Axis Ultra DLD R©. A monochromatic Al Kα source (15 mA, 12 kV) was

used for spectrometry. The sample analysis chamber pressure was 1 ×10−9 Torr (0.13 µPa) during the operation.

Elemental maps were collected with pass energy of 160 eV with two sweeps. High resolution regional acquisitions

were performed with pass energy of 20 eV with three sweeps and 0.1 eV step size for each element. Argon sputtering

was performed by an ion gun in the analysis chamber, with an argon pressure of 3.8 ×10−6 Torr and an energy of130

4 kV. Ar2p3/2 at 241.1 was used to calibrate the binding energies. The analysis area was 300 ×700 µm2 . Using

Casa XPS software, regional peaks were analyzed and fitted by Shirley background subtraction [41]. For curve fitting,

evaluation and quantification, Gaussian/Lorentzian asymmetry was used and full width half maximum (FWHM) was

kept constant for oxide components. The XPS spectra were analyzed for Fe2p3/2, O1s, Si2s and C1s elements [42, 43].

The peak parameters of different observed compounds are listed in Table 2.135

Surface analysis was done on the surface after electrochemical tests and after surface sputtering sequences of 10 ,

+60, +160, +260, +360, +860, +1360 and +2360 s for all the three samples.

[Table 2 about here.]

2.5. In situ small-scale testing

2.5.1. In situ electrochemical nano-indentation140

An in situ electrochemical nano-indentation test was performed using a Hysitron TI 950 TriboIndenter R© system

with an integrated miniaturized electrochemical cell, as described in Section 2.3. Detailed information about the
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electrochemical cell integrated into the nano-indenter device can be found in [40]. The Fe–3wt.%Si sample surface

used for in situ electrochemical nano-indentation was prepared by grinding down to grit No. 4000. The sample was

electropolished for 30 seconds in a mixture of methanol and sulfuric acid afterwards.145

The in situ nano-indentation test was done after 1 hour of cathodic charging at −1400 mV and 10 min after

switching to anodic potential of 0 mV on the same sample. The in situ indentation results were compared with the

indents done on the electro polished surface in air before starting the in situ electrochemical testing. The indenter tip

used for the nano-indentation was a Berkovich diamond tip, which was specially designed for testing in liquid. The

load function used for the load– controlled indentation consisted of a loading segment with a 12.5 mN/s loading rate150

and a 0.5 s holding time at the peak value of 2000 µN. The unloading rate was 12.5 mN/s. For all three samples,

the surface was imaged using the scanning probe microscopic imaging option that is provided by Hysitron TI 950

TriboIndenter R© before and during charging.

2.5.2. In situ electrochemical pillar compression and cantilever bending test

Micro-pillar compression and micro-cantilever bending tests were performed inside the glycerol-based solution.155

A schematic drawing of the in situ electrochemical small-scale testing setup is shown in Fig. 3.

[Figure 3 about here.]

Single crystalline pillars with (5 1 3) surface normal direction and average diameter of 1 µm and micro-cantilevers

with pentagonal cross-sections with (1 0 1) surface normal were cut using a FEI Helios Dual Beam
TM

FIB system,

with an acceleration voltage of 30 kV. In addition, a notch was milled along the (0 1 0) plane in [1 0 1] direction160

on the cantilevers. The diameter and depth of the notch were ∼ 30 nm and ∼ 300 nm, respectively. Fig. 4 shows

the representative scanning electron microscopy (SEM) images of a micro-pillar and cantilever before testing. The

micro-pillars and cantilevers were deformed under displacement control mode with a displacement rate of 1 and

2 nm/s, respectively. Long shaft flat punch and conical diamond tips were used during the in situ compression and

bending tests, respectively. At least three samples were tested under air (EP) and cathodic H charging at −1400 mV165

(EP+C) conditions. More detailed information about the testing procedure can be found elsewhere [44, 45].

[Figure 4 about here.]

3. Results and discussion

3.1. Polarization curve

The polarization curve of the Fe–3wt.%Si sample is shown in Fig. 5. The polarization was performed between170

−2000 mV and 1500 mV from cathodic to anodic direction. The sample was in the cathodic branch up to ∼ −1100 mV

and passed the active dissolution region from ∼ −1100 mV up to ∼ −500 mV. The passive region was between

−500 and 500 mV. The current again began to increase with further anodic polarization, presumably because of the
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onset of oxygen evolution. The values obtained from the polarization curve in this study are similar to the published

results obtained from the cathodic to anodic polarization of iron in aqueous borate-buffer solution with pH of 8.4 [46].175

The small differences in the potentials and the current values can be caused by the limited difference in the sample

chemical composition, the electrolyte viscosity and conductivity which is caused by replacing water with glycerol

in this study. The two potential levels−1400 mV (cathodic) and 0 mV (anodic) were selected from the polarization

curve, for in situ electrochemical nano-indentation tests and surface chemical composition characterization.

[Figure 5 about here.]180

3.2. Permeation test

Fig. 6 shows the permeation transient of the Fe–3wt.%Si for three charging current densities of −100,−50 and

−10 µA/cm2 at 50 ◦C and for −10 µA/cm2 at 30 ◦C plotted as steady-state normalized permeation flux (J) vs. the

logarithm of normalized time. The three tested charging transients are shown for each testing condition. The ideal lat-

tice diffusion calculated for the iron (BCC) by the Fick’s second law is also plotted for comparison. Overlapping or the185

small shift between the permeation transients approved the repeatability of the permeation tests results. In addition,

since the first permeation transient was started at 50 ◦C and −100 µA/cm2 condition, the overlapping of the perme-

ation curves suggested the absence of irreversible trap types in the tested material. According to the ASTM G148-97,

H permeation standard practice, the presence of irreversible trapping sites steeps the first permeation transient curve

and shifts it to the delayed time, which was not observed for the tested sample.190

[Figure 6 about here.]

The effective diffusion coefficient (Deff) and subsurface H concentration (C0) obtained from permeation tests are

summarized in Table 3. The reported C0 was calculated using Eq. 1.

C0 =
issL

FDeff

(1)

where iss is the atomic H permeation current at steady state, L is the specimen thickness, and F is the Faraday constant.

Deff is calculated according to Deff = L2/6tlag, with tlag as the time to achieve a value of i(t)/iss = 0.63.

Decreasing the current density and testing temperature to −10 µA/cm2 and 30 ◦C delayed the the saturation time

to the average tlag of 6500 s which was around twice the time comparing to the tlag achieved for the tests done at195

50 ◦C. Pérez Escobar et al. reported that the saturation time and subsurface H concentration depend on the charging

conditions, such as the used electrolyte, the testing temperature, charging current, sample geometry and the type

of alloy [47]. Although the saturation time was delayed by lowering the testing temperature and current density,

oxidation current density was detected in the anodic side of the cell. This assured the H adsorption and diffusion

through the tested ferritic steel sample using the glycerol-borax solution.200

Before the permeation tests, the sample surfaces on both sides were polished down to 1 µm which helped for

higher subsurface H concentration during electrochemical charging. Hydrogen recombination (H2) increases as the
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sample surface roughness increases and this lowers the amount of atomic H which can enter the metal [47, 48]. On the

other hand, the actual current density increases as roughness decreases and this means that the sample can be charged

more quickly [49]. Using an aqueous based solution, a palladium coating is used in some studies to prevent corrosion205

on the anodic side of the sample during the permeation tests [50]. However, in this study using the glycerol-based

solution the anodic side of the sample was kept uncoated. Passive oxide layer thickness was investigated by XPS and

will be discussed more in section 3.3.

[Table 3 about here.]

The Deff values reported in Table 3 are approximately one to two order of magnitude smaller in comparison to the210

values reported earlier as lattice H diffusion coefficient for pure iron [51]. There can be several reasons for the

obtained smaller Deff in this study. For example, Deff measurement during complete H charging and discharging

transients involves reversible traps, which is supposed to be lower than the lattice diffusion coefficient [52]. Another

reason can be the presence of the 3wt% Si in the chemical composition of the alloy that is used, which influences and

decreases the Deff value[53]. Additionally, the calculation of Deff based on tlag method is based on the assumption215

that diffusion is the rate controlling step in the whole process of the permeation. This assumption can be wrong

in combination with the glycerol-based electrolyte for our setup, which is designed based on the ASTM G148-97

for permeation test in aqueous solution. However, our main intention from the permeation test was not to measure

the exact H diffusion coefficient but to get assured about the H uptake and adsorption by charging the sample under

cathodic potential inside the new electrolyte. In addition to this assurance, the probability of sample surface chemical220

composition alternation under cathodic or anodic currents were also needed to be checked, which will be discussed in

the next section.

3.3. Surface analysis

The XPS method was used to further analyze the chemical composition of the sample surface in three different

testing conditions. Fig. 7 compares the atomic concentration of Fe, O, C and Si elements versus the sum of sputtering225

time at three testing conditions. All the three samples had a very similar composition on the surface (not sputtered

surface). Same kind of oxide film formation was due to inevitable air contact of the sample during splash rinsing and

transferring of sample from desiccator to XPS chamber. However, after 70 s surface sputtering, EP+C and EP+C+A

samples had higher oxide concentration compared to the EP sample. Despite the high oxide content at the surface of

EP+C+A sample, by increasing the sputtering time the oxide content drops with a larger slope. In other words, the230

oxide content is higher for EP+C+A at the surface, but the oxide layer is thinner.

All three samples had relatively similar chemical composition after 500 s sputtering, as shown in Fig. 7. Compar-

ing the percentage of different iron components in Fig. 8 for the three samples, all of the oxide components follow the

same trend of decrease or increase in spite of small differences in their percentage.
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There was more Fe3O4 oxide than the other oxide components at a very close distance to the surface. The dominant235

oxide was FeO in all of the samples (above 80 %) after 10 second surface sputtering. The percentages of Fe3+ and

Fe3O4, which were supposed to be higher near to the surface, decreased quickly as the sputtering time increased.

There is possibility for Fe3+ to reduce to Fe2+ when the surface is sputtered by argon ion [42]. However, in the three

tested samples there was a considerably large percentage of Fe3O4 (∼ 30 to 40 %) and Fe3+ (∼ 10 %) after a long

sputtering time. In the case of little reduction, it is considered to be the same for all of the samples due to similarity240

in the nature of the components and elements in all the samples.

Comparing the time where the atomic % Fe and O intersects each other in Fig. 7, all three samples have a relatively

close intersection time. Comparing the decreasing slope of O and increase of Fe elemental peak area, it can be

concluded the EP+C+A sample has a thinner and more concentrated oxide layer compared to the other samples.

The EP+C+A sample reaches 50 % maximum oxide concentration earlier, where it is considered as the bulk [54].245

The active dissolution of the passive layer inside borate-buffer solution with a pH lower than 7 was investigated by

Schmidt and Strehblow. They reported the thickness of the passive layer cannot exceed ∼ 2 − 3 nm due to active

dissolution [42]. In addition, Madiano et al. reported that passive film reduction happens during H diffusion, which

may be is another reason for the thinner observed oxide layer under passive current density [55]. Fig. 9 compares

the atomic ratio of O/Fe elements in the three testing samples. The EP+C+A sample has the highest O/Fe ratio at250

the surface; however, upon increasing the sputtering time, all of the samples showed a relatively similar O/Fe ratio.

The O/Fe ratio comparison also confirms the enhanced dissolution of the passive layer in the EP+C+C sample. The

iron XPS peaks with the fitted components are compared for the three testing samples after 230 and 3000 s sputtering

time in Fig. 10. The Fe2p3/2 peak for EP sample showed a higher area compared to the other samples after 230 s.

After 3000 s sputtering time, (when the oxygen element peak area is under its half amount for all three samples) the255

EP+C+A sample had a larger amount of Fe2p3/2. XPS calculations suggested that using the new electrolyte during

cathodic and anodic electrochemical testing does not cause a recognizable alternation to the sample surface chemical

composition in comparison to the EP condition. Through permeation and XPS sections the possibility of charging the

sample with H without any alternation in the surface chemical composition is discussed. The last verification step of

the glycerol-based solution for the small-scale H charging was in situ electrochemical small-scale testing, is presented260

in the next section.

[Figure 7 about here.]

[Figure 8 about here.]

[Figure 9 about here.]

[Figure 10 about here.]265
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3.4. In situ small-scale testing

3.4.1. In situ electrochemical nano-indentation

Fig. 11 shows the load-displacement (L-D) curves for the nano-indentation tests done under in situ cathodic and

anodic electrochemical testing conditions and compared with the nano-indentation tests done on the EP sample in air.

The instability area in the L-D curve, transition area from elastic to plastic deformation, is called pop-in, which is270

related to dislocation nucleation beneath the indenter during indentation [56]. There is an obvious change in the pop-

in load and width of the sample when the electrochemical current is switched to cathodic and indentations done under

H charging condition. In contrast to cathodic condition, switching to anodic potential brought the pop-in load and

width to a comparable pop-in load and width obtained for the EP sample. The pop-in load and width decrease under

cathodic current can be explained through the H enhanced dislocation nucleation [22]. This is approved by defectant275

theory. According to the theory, defect formation energy—that is, dislocation nucleation energy—will be lowered in

the case of H segregation to defects [11]. These results are in agreement with previous works done by Barnoush et

al. on FeAl, Al, Cu and Ni sample inside the aqueous solutions [57, 58]. For the case of low alloy steels, such as

Fe–3wt.% Si, switching to anodic currents had been a problem due to increase in the sample’s surface roughness. For

the sake of precision, before using the glycerol-based solution, the pop-in results in air and under cathodic charging280

were compared because keeping the sample surface integrity at nano-scale at constant condition is a key factor for

small-scale testing [40]. However, the new electrolyte provides the possibility of switching to passive currents during

in situ nano-indetation tests still preserving the surface roughness in nano-scale.

Fig. 11 shows the scanning probe microscopy images of the three testing samples. The surface root mean square

roughness was compared for the three samples in 100 µm2 imaged area and it was 1.5, 2.1 and 1.8 nm for EP, EP+C285

and EP+C+A samples, respectively. By combining theses data with sample surface composition data in Section

3.3, it can be concluded that the pop-in load changes observed during in situ electrochemical nano-indentation tests

were related to H absorbed to the subsurface during cathodic charging of the sample, irrespective of the sample surface

roughness or surface composition changes during electrochemical processes. According to the in situ nano-indentation

test results, the pop-in load and width decreased under cathodic current comparing with EP sample, while the XPS290

results show similar composition and oxide decreasing trend in these two samples. Switching to anodic potential and

extracting the subsurface H out of the sample, pop-in load increases again to a comparable condition to the EP sample.

While there was a small difference in the surface oxide thickness of the EP+C+A sample comparing the EP sample,

the pop-in load and width were in a comparable range. Therefore, the observed decrease in the pop-in load under

cathodic charging condition is related to the presence of subsurface H. The in situ nano-indentation results and sample295

roughness analyses shows the usefulness of the glycerol-based solution for small-scale testing under both cathodic

and anodic electrochemical current densities by preserving the surface integrity at nano-scale.

[Figure 11 about here.]
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3.4.2. In situ electrochemical pillar compression

Any small changes in the sample surface condition during in situ electrochemical charging, such as localized300

corrosion or surface roughness change, can affect the dimensional integrity of the micron-sized testing samples. To

study the H effect on the mechanical behavior of the materials, in situ compression tests were done by Barnoush et al.

on Ni and FeAl pillars [44]. However, in situ pillar compression tests were not successful for pure iron and low alloy

steels due to surface roughness alternation inside aqueous borate buffer solution with pH of 6.2. (Fig. 1).

A glycerol-based solution was used as an alternative for in situ pillar compression test on Fe–3wt.% Si alloy.305

Fig. 12 shows the SEM images of the pillars with 1 µm diameter after 15 hours of polarization at −1400 mV and in

situ testing. The surface integrity of the pillars were preserved perfectly using the glycerol-borax solution, and the

activated slip systems after in situ deformation were visible. Fig. 13 shows the stress-strain curves of the compression

tests. Load drops in the stress-strain curve are due to the plastic instabilities of material during displacement controlled

tests. These load drops are the same as the strain bursts in the load controlled tests. There is a small change in the310

mechanical behavior of the pillars when compressed in air (EP) and in the presence of H (EP+C). Fe–3wt.% Si alloy

has a BCC microstructure with a low H solubility but high H diffusivity. The diffusion coefficient of H in BCC iron

was reported to be 7 × 10−5 cm2/s at room temperature [51, 59] and calculated to be ∼ 4 × 10−7 cm2/s in this study.

H diffusion depth can be estimated by
√

Dt, where D is the diffusion coefficient and t is the H charging time. H can

leave the interstitial places and diffuse out of the pillar radius (0.5 µm) under compression stress in 3.45 × 10−5 to315

6.25 × 10−3 s. Given that the compression tests were done under a displacement rate of 1 nm/s, most of the H could

be diffused out of the pillar during the first second of testing. Although the new electrolyte provides the possibility

of preserving the integrity of the micron-sized samples during electrochemical testing, the small-scale compression

testing is a challenging task to capture the H effect on the mechanical properties of the materials. The small-scale

compression testing may be valid only for materials with low diffusivity under very high displacement rate.320

[Figure 12 about here.]

[Figure 13 about here.]

3.4.3. In situ electrochemical cantilever bending test

In situ cantilever bending tests were done under cathodic current density (EP+C) and the results were compared

with the bending condition in air (EP). The sample surface roughness alternation was negligible at the end of the in325

situ test. SEM images of the bent cantilevers after bending are shown in Fig. 14. While notch blunting occurred for

the beams bent in air, H-assisted cracking is observed for all the beams bent in the presence of H. Comparing the

load–displacement curves of the bending tests in air and under cathodic current density, there is a distinct influence

of H on the mechanical properties of the Fe–3wt.%Si micro-cantilevers. Beams bent in air showed a continuous

deformation after the yield point, with a slight hardening rate up to the final 5 µm displacement. While for H charged330

beams a gradual reduction in the flow curve after the yield point followed by a continuous rapid decrease in the load
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from ∼ 4 µm displacement. This rapid decrease of the load can be due to the crack propagation in the presence of

H and decrease in the sample cross sectional area. H promotes the plasticity by lowering the activation energy for

dislocation nucleation. Heterogeneous dislocation nucleation at the surface and reduction of double kink dislocation

nucleation energy in the case of screw dislocations facilitates in the presence of H and promotes the plasticity. H-335

assisted cracking occurrence during in situ electrochemical cantilever bending test of the Fe-3wt% Si alloy in the

presence of H with out any damage to the integrity of the micro-cantilever and preserving the surface roughness

intact, indicates the capability if the glycerol-based solution toward small-scale HE testing.

[Figure 14 about here.]

4. Conclusion340

A novel electrolyte, with a composition of 1.3 mol/L borax in glycerol, diluted with double distilled water of

20 volume percent was introduced in this study. The electrolyte provides a unique capability to study HE at small

scales such as nano- or micro-scale and can be considered as a suitable replacement for aqueous base solutions.

Steady-state oxidation current density detection in the anodic side of the permeation cell, verified through permeation,

electrochemical, surface chemical composition analyzes, and also in situ small-scale nanomechanical testing. Based345

on the results presented above, the fallowing conclusions were drawn:

• Steady state permeation current was detected in the oxidation side of the cell, under different current densities and

temperatures. This confirmed the formation and adsorption of H from the suggested glycerol-borax electrolyte.

• The surface analysis revealed minimal chemical alternation on the surface of samples after different electrochemical

treatments. The iron oxide components of the sample with different electrochemical background fallowed a350

same trend in spite of small differences in their percentage. Thiner but denser oxide layer was detected for the

anadically polarized sample in comparison to the other two samples.

• In situ electrochemical nano-indentation tests were done under cathodic potential and the L–D curves were com-

pared with the results obtained under anodic polarization and after EP. Since the surface chemical composition

and roughness were comparable in three different testing conditions, the observed changes in the pop-in load355

were considered as the subsurface H effect.

• The integrity of the micron-sized pillars and cantilevers was preserved at nano-scale using the new electrolyte.

• H-assisted cracking was observed for the cantilevers bent in situ under cathodic current density.
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[31] O. Sobol, G. Nolze, R. Saliwan-Neumann, D. Eliezer, T. Böellinghaus, W. E. S. Unger, Novel approach to image hydrogen distribution and

related phase transformation in duplex stainless steels at the sub-micron scale, International Journal of Hydrogen Energy 42 (39) (2017)425

25114–25120.

[32] A. Kocijan, r. Donik, M. Jenko, Electrochemical and XPS studies of the passive film formed on stainless steels in borate buffer and chloride

solutions, Corrosion Science 49 (5) (2007) 2083–2098, ISSN 0010-938X.

[33] J. M. Macak, H. Tsuchiya, L. Taveira, S. Aldabergerova, P. Schmuki, Smooth anodic TiO2 nanotubes, Angewandte Chemie International

Edition 44 (45) (2005) 7463–7465.430

[34] J. M. Macak, P. Schmuki, Anodic growth of self-organized anodic TiO2 nanotubes in viscous electrolytes, Electrochimica Acta 52 (3) (2006)

1258–1264.

[35] R. V. Devireddy, P. H. Leo, J. S. Lowengrub, J. C. Bischof, Measurement and numerical analysis of freezing in solutions enclosed in a small

container, International Journal of Heat and Mass Transfer 45 (9) (2002) 1915–1931.

[36] I. Bernstein, G. Pressouyre, R. Oriani, J. Hirth, Hydrogen Degradation of Ferrous Alloys, Noyes Publ., Park Ridge, USA (1985) 641.435
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Table 1: Composition of Fe–3wt.%Si alloy used in this study

Element C Si Mn P S Cr Ni Mo Cu Al Ti Nb V B Zr Ce

Weight% 0.003 2.383 0.202 0.013 0.012 0.033 0.048 0.015 0.020 0.365 0.005 0.020 0.002 0.0008 0.005 0.009
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Table 2: Peak position and curve fit parameters of iron and silicon of XPS analysis

Peak Fe2p3/2 FeO Fe3O4 Fe3+ S i2p S i4+ O2− in Fe2O3 O2− in Fe2S iO4 OH− O2− in S iO2

B.E% 706.72 +2.6 +4.1 +5.9 530.2 +1.5 543.5 +0.7 +1.85 +2.3
FWHM 0.9 2 2 1.85 0.85 1.3 1 1 1.5 2.5
Line shape L.A(1.2.5.1) GL(0) GL(0) GL(0) GL(30) GL(30) GL(30) GL(30) GL(30) GL(30)
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Table 3: Effective diffusion coefficient, Deff , and subsurface hydrogen concentration, C0, results for Fe–3wt.%Si calculated by tlag method.

Trans. No., Temp. ic(µA/cm−2) tlag(s) iss(µA/cm−2) De f f (cm2s−1) C0(wppm)

1, 50 ◦C -100 2232 1.43 × 10−1 6.633 × 10−7 2.69 × 10−2

2, 50 ◦C -100 4257 1.54 × 10−1 3.478 × 10−7 5.54 × 10−2

3, 50 ◦C -100 4545 1.32 × 10−1 3.257 × 10−7 5.05 × 10−2

1, 50 ◦C -50 2949 1.72 × 10−1 5.020 × 10−7 4.31 × 10−2

2, 50 ◦C -50 2532 1.36 × 10−1 5.847 × 10−7 2.93 × 10−2

3, 50 ◦C -50 2529 1.55 × 10−1 5.854 × 10−7 3.31 × 10−2

1, 50 ◦C -10 3138 3.63 × 10−2 4.718 × 10−7 1.02 × 10−2

2, 50 ◦C -10 3594 3.40 × 10−2 4.119 × 10−7 1.03 × 10−2

3, 50 ◦C -10 4542 3.40 × 10−2 3.260 × 10−7 1.26 × 10−2

1, 30 ◦C -10 7065 1.14 × 10−2 2.096 × 10−7 6.33 × 10−3

1, 30 ◦C -10 5931 9.09 × 10−3 2.496 × 10−7 4.23 × 10−3

1, 30 ◦C -10 6546 9.09 × 10−3 2.262 × 10−7 4.77 × 10−3
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10 µm

Figure 1: Scanning electron microscopic image of the Fe–3wt.% Si, micro-pillars after in situ electrochemical pillar compression test inside an
aqueous borate-buffer solution.
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Figure 2: : The differential scanning calorimetry measured thermogram of the glycerol-borax solution obtained at 10 ◦C/min scan rate measure-
ments.
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Figure 3: Schematic representation of the in situ electrochemical three-electrode cell used for micro-pillar compression and cantilever bending tests
under cathodic potentials.
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Figure 4: Secondary electron images of the Fe–3wt% Si (a) micro-pillar and (b) micro-cantilever.
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Figure 5: Polarization curve of Fe–3wt.%Si in glycerol-borax solution at a scan rate of 1 mV/s at room temperature.
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Figure 6: Permeation transients of Fe–3wt.%Si sample under different current densities plotted as steady-state normalized permeation flux vs. the
logarithm of normalized time.
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Figure 7: Atomic concentration of different elements versus sputtering time at three different testing conditions.
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Figure 8: Comparing the iron oxide components in three different testing conditions.
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Figure 9: Atomic ratio of O/Fe at surface of three different testing samples versus sputtering time.
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Figure 10: Comparing the iron and iron oxide peaks in three different testing conditions after 230 and 3000 seconds sputtering time.
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Figure 11: a)Load–displacement curves, b)cumulative frequency distribution of pop-in load start and c)scanning probe microscopic images of in
situ electrochemical nano-indentation testing in three different testing conditions.
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Figure 12: Secondary electron images of the micro-pillars after in situ pillar compression test inside the glycerol-borax solution.
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EP EP+C

Figure 13: Stress–strain curves of pillars compressed in air and under cathodic potential of −1400 mV vs. Hg/HgSO4 reference electrode, inside
the glycerol-based solution.
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Figure 14: a)Load-displacement curves of a micro-cantilevers bent in air and in the presence of H inside new glycerol-borax solution. Secondary
electron images of the beam bent in the presence of H (b) and in air (c). Secondary electron image of the notch area for beams bent in the presence
of H (b1) and in air (c1).
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