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Abstract: Hydrogen is receiving growing interest as an energy carrier to facilitate the shift to a
green economy. However, hydrogen may cause the significant degradation of mechanical properties
of structural materials, premature strain localisation, crack nucleation, and catastrophic fracture.
Therefore, mechanical testing in hydrogenating conditions plays a vital role in material integrity
assessment. Digital image correlation (DIC) is a versatile optical technique that is ideally suited for
studying local deformation distribution under external stimuli. However, during mechanical testing
with in situ electrochemical hydrogen charging, gas bubbles inherent to hydrogen recombination
are created at the sample surface, causing significant errors in the DIC measurements, and posing
significant challenges to researchers and practitioners utilising this technique for testing in harsh
environments. A postprocessing technique for the digital removal of gas bubbles is presented and
validated for severe charging conditions (−1400 mV vs. Ag/AgCl) under monotonic and cyclic
loading conditions. Displacement fields and strain measurements are produced from the filtered
images. An example application for measuring the crack tip opening displacement during a slow
strain rate tensile test is presented. The limitations of the technique and a comparison to other
bubble mitigation techniques are briefly discussed. It was concluded that the proposed filtering
technique is highly effective in the digital removal of gas bubbles during in situ electrochemical
hydrogen charging, enabling the use of DIC when the sample surface is almost completely obscured
by gas bubbles.

Keywords: digital image correlation; hydrogen embrittlement; in situ electrochemical hydrogen
charging; slow strain rate testing

1. Introduction

With the increasing impact of climate change, hydrogen has become an attractive
candidate for use as an energy carrier during the global transition to a green economy.
With 8800 km of subsea natural gas transport pipelines on the Norwegian continental shelf,
Norway has a strong privileged position to facilitate large-scale hydrogen gas transport
through the conversion of the existing natural gas pipeline network into hydrogen gas
transport. Most of these pipelines consist of API X52-X70 steel. In the envisioned reconver-
sion of these pipes from natural gas into pressurised hydrogen gas transport, hydrogen
may enter the pipe material from both the inner wall due to the high-pressure gas envi-
ronment and the external surface, as electrochemical hydrogen charging is common to
all subsea systems employing Cathodic Protection (CP) systems to inhibit corrosion [1].
The absorbed hydrogen diffuses and clusters near-susceptible microstructural features and
regions of high hydrostatic stresses, causing loss of ductility [2–5], a reduction in fracture
toughness [6–9] and an increase in the fatigue crack growth rate [10–12]. Instrumenta-
tion is difficult for testing in in situ hydrogen charging environments, often requiring
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specialised equipment. Particularly, practitioners have faced considerable challenges with
strain measurements for many years, since it is impossible to use a conventional clip-on
extensometer inside an electrolytic cell [13]. A direct (or alternate) current potential drop
(DCPD or ACPD, respectively) method is a convenient tool that is commonly used to
monitor the initiation and propagation of a crack in air under in situ charging conditions in
a corrosive environment [10] or in hydrogen gas [14]. However, this does not say anything
about the strain and its local distribution in the specimen or around the crack [15]. The
same applies to setups where the specifically designed or adapted extensometers or crack
opening displacement (COD) gauges are used. Therefore, it has long been critical to use
new experimental methods to calibrate crack tip stress and strain distributions where the
strong gradients of the microstructure evolve under load [16]. In this respect, Digital Image
Correlation (DIC) is a low-cost, in situ, full-field, noncontact method that requires only
the optical imaging of the specimen surface to enable both global and local displacement
measurements by tracking unique features on the specimen surface. DIC has been used
extensively in the past decade for a broad variety of materials, testing methods, and envi-
ronments [17–23]. A major challenge in utilising DIC when testing in an electrolyte is the
recombination of hydrogen molecules on the surface, which leads to the formation of gas
bubbles, particularly at high polarisation potentials or current densities. These bubbles
block the view of the specimen surface, and hinder the observation of the DIC pattern
in the given region. Additionally, the bubbles are not stable; they tend to detach from
the surface and flow upwards along the specimen, creating dynamic distortions in the
pattern, thus causing the correlation algorithm and consequently the entire DIC analysis
to fail. Zhang [18] used a twice-subtraction method to reduce the distortions caused by
bubbles during a stress corrosion cracking test. Cheng et al. [19] performed notched tensile
testing on mooring chain steel under in situ electrochemical charging conditions using a
speckle-patterned coating as an input for the DIC algorithm, with the secondary effect of
acting as an inhibitor of hydrogen uptake, thus reducing the formation of bubbles and
resulting in data loss in only the limited regions. In this short communication, a simple
and efficient method for digitally filtering bubbles from images aiming at DIC analysis is
presented. Examples of applications of the proposed method for both monotonic and cyclic
loading are shown for uncoated specimens exposed to aggressive electrochemical charging,
and ways to further improve the technique are suggested.

2. Materials and Methods

Two different experimental setups for either Slow Strain Rate Testing (SSRT) or Fatigue
Crack Growth Rate (FCGR) testing, using different materials and camera magnifications,
were used to demonstrate the versatility of the bubble removal method under both mono-
tonic and cyclic loading conditions.

SSRT was performed on a flexible pipe steel armour wire material whose properties
were described elsewhere [24]. Single Edge Notch Tension (SENT) specimens with the
geometry shown in Figure 1a were tested. The specimens were conventionally machined,
while the 4 mm deep notch with a notch root radius of 180 µm was prepared with Electrical
Discharge Machining (EDM). The random high-contrast pattern for DIC was created by
manually grinding the surface down to P1200 SiC paper (Struers, Copenhagen, Denmark)
before applying discernible scratches in random directions with rougher P120 SiC paper
(Struers, Copenhagen, Denmark) (in the authors’ experience, using a scratch pattern yields
improved resolution compared to speckle patterns, as particularly obvious in the cyclic test
performed under high magnification). In order to reduce the oversaturation in the obtained
images, a piece of office paper was placed in front of the light source to disperse the light.
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(a) (b)
Figure 1. Specimen geometries used for testing (all units in mm). (a) Geometry of SENT specimen
used for SSRT [25]. (b) Geometry of SENT specimen used for cyclic testing.

The in situ electrochemical hydrogen charging was performed in 3.5 wt% NaCl at
−1400 mV vs. Ag/AgCl (sat. KCl). Unless otherwise specified, all further potentials are
with reference to Ag/AgCl (sat. KCl). Samples were precharged for 72 h in a glass container
and then stored at−21 °C until testing. After mounting the specimen in the test machine, an
additional 6 h of precharging was performed in a custom-built, 3D-printed electrochemical
charging chamber equipped with a glass window to facilitate visual access to the specimen
surface through the camera, as illustrated in Figure 2a. The chamber was mounted onto the
specimen, and a tight seal was ensured with the combination of a 3D-printed gasket with
Loctite 5926 silicone (Henkel Corporation, Westlake, OH, USA).

(a) (b)
Figure 2. Electrochemical hydrogen charging chambers used for SSRT and cyclic testing. (a) SSRT
specimen installed in the 3D-printed charging chamber [25]. (b) Chamber used for cyclic testing.

The in situ SSRT tests were performed using a Landmark 50 kN servohydraulic
universal testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) with a
nominal strain rate of 10−6s−1. Images for DIC were acquired using a 5 megapixel Prosilica
GC2450 camera (Allied Vision, Stadtroda, Germany) equipped with a Tamron 272EN II
macrolens (Tamron Co., Saitama, Japan) at frame rates up to 10 hertz with a pixel size of
approximately 20 µm.
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FCGR was performed on API X65 pipeline steel using SENT specimens with the
geometry shown in Figure 1b. The DIC pattern was created in a similar manner to the
SSRT. The specimen surface was manually ground to a finish of P2000 SiC paper (Struers,
Copenhagen, Denmark) and then scratched with P1000 paper to create the contrasting lines.
Finer paper was used in the cyclic test compared to SSRT due to the higher magnification
achieved with the zoom lens. The in situ electrochemical hydrogen charging was performed
through the same electrolyte and polarisation potential as that for SSRT, but in the larger
charging chamber shown in Figure 2b, and mounted onto a Dartec 25 kN servohydraulic
universal testing machine (Dartec Ltd., Stourbridge, UK) retrofitted with an Instron control
system (Instron, Norwood, MA, USA). Cyclic loading was applied with a maximal load
of 7 kN with an R ratio of 0.1 and a frequency of 1 Hz. Images were acquired using a
Basler acA4112-20 um 12 megapixel resolution camera (Basler AG, Ahrensburg, Germany)
equipped with a Navitar-6000 zoom lens (Navitar Inc., Ottawa, ON, Canada) with an
acquisition frequency of 20 Hz and 10 loading cycles per one acquisition series.

As previously mentioned, gas bubbles are produced during electrochemical hydrogen
charging, especially at high potentials. The detrimental effect of the bubbles is twofold. Not
only do the bubbles block the view of the specimen surface, hindering the observation and
the analysis of the DIC pattern, but they also move upwards along the specimen, creating
dynamic distortions in the pattern and causing the analysis to fail. In order to compensate
for these dynamic bubbles, a simple method was employed on the basis of the fact that
the bubbles appeared in the image as darker than the scratched background pattern. By
performing a pixel-by-pixel comparison of several successive images taken in a series and
selecting the brightest value for each pixel, the resulting composite image had substantially
improved quality for DIC analysis with only minor residual effects of the bubbles. Such an
operation can be expressed through Equation (1):

M =

 ˆp11 . . . p̂1j
...

. . .
...

p̂i1 . . . p̂ij

 (1)

where M is the composite image with the composite pixel values p̂ij obtained from
Equation (2) from pixel values pij of image frame f 1 to f n, where n is the number of
frames to merge in each composite image.

p̂ij = max[pij( f1) + · · ·+ pij( fn)] (2)

For the SSRT, this was achieved using the merged image composed of 10 to
100 successive images. Since the image acquisition rate was high compared to the strain
rate, there was no significant deformation that had occurred within the time of acquisition
of one composite image. For the cyclic loading, the composite images were created with
the acquisition of multiple cycles in succession and comparing the images corresponding
to the same load in each cycle.

DIC analysis was performed using open-source NCORR [26] software (NCORR v1.2.2,
Georgia Institute of Technology, Atlanta, GA, USA) for MATLAB (MATLAB V2021a, The
MathWorks Inc., Natick, MA, USA) The subset radius used was in the range of 36–50 pixels
with a subset spacing of up to 1 in order to reduce processing time. On the basis of
the displacement fields obtained with DIC, the Crack Opening Displacement (COD) was
measured along the notch flanks for multiple horizontal positions from the difference
in vertical displacement on each side of the notch at the given horizontal position. The
Crack Tip Opening Displacement (CTOD) was then calculated using the double clip-gauge
method of [27].
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3. Results

Examples of filtered composite images for monotonic and cyclic loading are shown in
Figures 3 and 4, respectively.

(a) (b)
Figure 3. Comparison of surface images for DIC before and after the digital removal of bubbles
during monotonic loading. (a) Image showing specimen surface with the gas bubbles moving along it.
(b) Image showing specimen surface after digitally removing the bubbles. The dark features around
the notch flanks are material defects.

(a) (b)
Figure 4. Comparison of surface images for DIC before and after the digital removal of bubbles for
cyclic testing. (a) Image showing specimen surface with the gas bubbles moving along it during
cyclic testing. (b) Image showing specimen surface after digitally removing the bubbles during
cyclic testing.

Displacement fields were easily obtained from the filtered images, as exemplified by
the plots of the vertical displacements obtained during both monotonic and cyclic loading
shown in Figure 5.

The CTOD obtained by DIC from a SSRT specimen is shown in Figure 6. Results
of the full testing campaign of the steel flexible armour wires are reported elsewhere; in
the present work, we confine ourselves to the methodological aspects of the challenging
application of the DIC technique to mechanical testing in a harsh environment with the
profuse hydrogen bubble formation.
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(a) (b)
Figure 5. Examples of displacement fields obtained after removal of bubbles during monotonic and
cyclic testing. (a) Vertical displacement field during SSRT testing. (b) Vertical displacement field
during cyclic testing with ∆K = 18MPa

√
m.

Figure 6. Load versus CTOD from SSRT.

The method was originally developed for CTOD testing under in situ electrochemical
charging conditions, and the measurements of our primary interest were the vertical dis-
placements along the notch flanks. Due to the relatively low resolution used (approximately
400 pixels across the specimen width) and the low polarisation voltage, which lead to a
near-constant production and coverage of bubbles on the specimen’s surface, the current
dataset did not allow for a sufficiently detailed strain field, as a large subset radius of
36–50 pixels was necessary. Nonetheless, as a proof of concept, an example of a vertical
strain field produced during SSRT is shown in Figure 7. Since the DIC technique has been
well-established and widely proven in academia and industry, e.g., comparing physical or
virtual extensometers [27], the results were deemed to be trustworthy. In addition, while it
is not shown in the manuscript, the full SSRT testing campaign compared the Crack Mouth
Opening Displacement (CMOD) results obtained with DIC in air and in hydrogen after
bubble removal using the proposed method (see the results described in [25]). In the elastic
regime, hydrogen is generally not thought to have an effect on the mechanical properties of
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the material [28], and the load–CMOD curves in hydrogen and air overlap nicely in the
elastic regime, thus confirming, albeit indirectly, the validity of the DIC measurements.

Figure 7. Proof of concept of obtained strains on filtered images in the form of vertical strain εyy. The
resolution is poor due to the large subset radius used, which is clearly seen from the large circle of
maximal strain at the notch tip.

4. Discussion

A simple algorithm was developed for digitally removing the disturbance generated
by the presence of bubbles on a specimen surface during in situ electrochemical hydrogen
charging during monotonic and cyclic mechanical testing, enabling the use of DIC in order
to allow for measurements of CTOD and local strain evolution evaluation. Two main
preconditions are necessary for the procedure to work: a sufficient contrast in the grayscale
values of the DIC pattern compared to the bubbles, and that negligible deformations
and/or crack extensions occur between the images, which are merged together to create
a composite defect-free image. As long as the number of images to be merged is not too
large and the strain rate is low or the camera acquisition frame rate sufficiently high, this
is a reasonable assumption. With reference to the tests types and test conditions used
in the present communication for illustrative purpose, between 10 and 100 images were
merged together according to the severity of the produced gas bubbles. With frame rates
of at least 1Hz and a nominal strain rate of 10−6s−1, the worst case resulted in 10 µm
displacement across the 10 cm gauge section during one composite frame. With a pixel
size of approximately 20 µm, this was negligible. The number of pictures necessary to
merge in order to remove the effects of the bubbles depends strongly on the severity of the
charging conditions. For each pixel, the bare specimen surface must be visible in at least
one image. As the charging conditions become more aggressive, the higher the density of
the bubbles appearing on the surface become, and the probability of a pixel showing the
specimen surface is reduced accordingly. The charging current was not measured during
in the current work. For illustration, on the basis of the polarisation curves for a A537 steel
[29] in a simulated seawater electrolyte, for an imposed potential of −1400 mV, the current
density is approximately 100 times greater than those at the commonly used potential of
−1100 mV. In other words, to have the same probability of removing all effects of bubbles
at −1400 mV, one needs to combine about 100 times more images than those needed
at −1100 mV.

Compared to alternative ways of mitigating the effect of bubbles on DIC results, the
method developed in this work presents many advantages and a few disadvantages. The
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most straightforward way of mitigating bubbles is to prevent their formation in the first
place by coating the specimen with paint, concurrently acting as the DIC pattern. However,
a fully intact coating prevents hydrogen uptake, which would hinder the degrading effect
of hydrogen on the material properties and therefore may not be of interest for most
hydrogen related research. On the other hand, the coating may not provide a sufficient
potential gradient to stop cathodic reactions from occurring at the surface, the coating may
cathodically disbond [30] or it can have a lower failure strain than the tested material, either
of which causes bubbles to appear again, disrupting the DIC pattern and the subsequent
DIC results. An alternative way is to remove the bubbles mechanically, e.g., by using a
fan submerged in the charging chamber to cause sufficient flow to remove the bubbles as
they appear. From the authors’ previous experience, some effect of bubbles or contaminant
particles flowing past the specimen still remains, especially at low potentials such as
−1400 mV. The use of a longer exposure time, e.g., 500 ms, has usually proven to be
sufficient to remove most of these effects. However, this may not be applicable, it may
cause issues when testing at high strain rates, and it cannot effectively be used during
cyclic loading due to the need for a long exposure time. The use of a fan also requires
a much larger charging chamber, which may be challenging for some applications. A
major benefit of the method is its suitability to both monotonic and cyclic loading. Some
challenges still remain for perfectly employing it for cyclic testing, in particular at low
∆K levels for which strains are small and more susceptible to noise. Since the method
requires the merging of several successive images and assumes that no deformation occurs
between them, issues might arise if measurable crack propagation occurs or if the triggering
of the camera is not perfectly synchronised with the load evolution during the duration
of the cycles used for each acquisition. For FCGR testing, crack propagation may only
be problematic in the high ∆K regime, as even for aggressive charging at −1400 mV, the
merging of 10 pictures was sufficient, and hydrogen enhanced FCGR in low-carbon steel
are typically below 1 µm/cycle at a high ∆K of 20 MPa

√
m [11]. With the high-resolution

pixel size of approximately 1 µm used in this work, a crack tip drift of only 10 pixels
could occur in the worst case. Many test setups are not completely stiff, and in particular
for servohydraulic machines, the loading cycle may not be perfectly reproduced in each
cycle. Additionally, the camera might be susceptible to vibrations from the test machine
or the lab environment, especially at high magnification. As a result, nominally acquired
images at the same loading point in each cycle may not be perfectly aligned one-to-one,
and the merged image might, therefore, be slightly smeared, affecting the obtained results,
particularly for detailed strain measurements.

5. Conclusions

• A simple method for the digital removal of bubbles from optical images during in
situ electrochemical hydrogen charging was developed and demonstrated for both
monotonic and cyclic loading.

• DIC was used on the filtered composite images to obtain displacement fields.
• CTOD was calculated using the displacements from DIC.
• Strain maps were possible to obtain given a sufficient resolution and motion compen-

sation for cyclic testing.
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Abbreviations

CMOD Crack Mouth Opening Displacement.
COD Crack Opening Displacement.
CP Cathodic Protection.
CTOD Crack Tip Opening Displacement.
DIC Digital Image Correlation.
EDM Electrical Discharge Machining.
FCGR Fatigue Crack Growth Rate.
SENT Single Edge Notch Tension.
SSRT Slow Strain Rate Testing.
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