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At 45 °C, the stress-corrosion cracking (SCC) threshold was determined using current response
measurements when carbon steels were exposed to a 50 %CO-50 %CO2-H20 environment. These
measurements were performed by introducing an external “crack wall” surface and measuring a
fraction of the current flow between the crack tip and this external surface. The current flow was
measured between this external surface and the crack tip, by insulating most of the double
cantilever beam samples, and using a zero-resistance ammeter (ZRA) to measure the current.
These measurements showed that the threshold for cracking determined with this method cor-
responded well with the Kiscc value measured for the same system. Crack tip activity was also
measured, but it was difficult to correlate the current response data with the crack propagation
rates, because of the crack length measurement resolution. However, it was possible to indicate
the increased crack tip activity when the stress intensity showed slight variations, or for threshold
stress intensity increase rates. The technique confirms the estimation of stress-corrosion thresh-
olds and can be used to evaluate the influence of parameters on cracking in the absence of high-
resolution crack length detection instrumentation.

1. Introduction

Corrosion is detrimental to structural integrity in many industries where the material (structure) interacts with its environment
[1-8]. The presence of corrosion and stresses (thermal or mechanical) is even more dire and serious, leading to stress corrosion
cracking phenomenon. In the petrochemical industry it is common to find water contaminated with carbon monoxide and carbon
dioxide gas mixtures [1-4,9]. During coal gasification, by-product water is formed, and this is typically re-used as cooling water in heat
exchanger applications [10,11]. However, when carbon steels are exposed to such environments with the appropriate gas mixture and
stress conditions, they can experience stress-corrosion cracking [1,2,12-14]. These stress-corrosion cracks initiate and grow when
exposed to some threshold stress conditions [1,2,12,15]. Welded joints would typically experience relatively high stresses close to the

Abbreviations: DCB, Double Cantilever Beam; SCC, Stress Corrosion Cracking; XRF, X-ray Fluorescence; ZRA, Zero Resistance Ammeter
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yield point of the steel, and these joints are commonly post-weld heat treated to ensure lower residual stresses and thereby minimise
cracking [16]. With existing flaws or cracks, the stress conditions are described as stress intensity, and stress intensity thresholds for
stress-corrosion can be determined. Evaluating the relationship between stress intensity and crack propagation rate is time consuming
[6]. Therefore, if current response measurements could be used to evaluate the crack activity during loading to establish stress in-
tensity threshold, it would be possible to obtain a clearer understanding of the cracking system. Firstly, it is necessary to determine
whether it would be possible to define the stress intensity threshold based on current response measurements. Secondly, stress fluc-
tuations seem to contribute to the cracking activity which would contribute to crack propagation. However, crack propagation
measurements might not be sensitive enough to give an accurate indication of the interdependencies between stress intensity and crack
tip activity since crack propagation rates are generally very slow. The use of electrochemical noise measurements have been used to
estimate crack propagation rates of carbon steel exposed to water with varying types of gas mixtures [17-19]. Correlation between
cracking and peaks in the noise measurements were determined, but their conditions were plant related [19]. This study considers the
possibility of investigating the predictions of the stress intensity threshold by using current response techniques under laboratory
conditions.

The measurements were identical to experiments performed on type 304 stainless steel in pure water [20]. The current response
measurement technique was used to determine the stress intensity threshold for stress-corrosion to give an indicator of cracking. These
types of measurements performed on cracked samples would be viable if the film rupture/ slip dissolution model for cracking exists for
crack initiation and propagation in these systems. Several researchers have described the stress-corrosion of steel in HyO-CO-CO4
medium [15,21,22] as a typical film rupture/slip dissolution model with the carbon monoxide adsorbing on the steel surface to inhibit
corrosion [23,24]. The following three options exist during this type of crack propagation: cathodic process is carried out within the
boundaries of the crack, or the current is taken up either fractionally in the crack, or totally on the external surface [25]. Even if the last
is true, current in the crack propagation rate should be seen flowing from the crack mouth to the external surfaces. When loading above
the stress-corrosion cracking (SCC) stress intensity threshold, zero resistance ammeter measurements (ZRA) for crack propagation in
engineering alloys in power plant conditions changed rapidly in the positive direction [20]. These measurements corresponded to a
reversal in polarity due to activation of the crack tip, and the flow of positive current from the crack tip to the external surfaces. During
stress-corrosion of sensitized 304 stainless steel in pure water at elevated temperatures, typical of light water reactors, current flows
from a crack to an external cathode [20]. The cathodic reaction did not occur only on the crack flanks or crack mouth, but also on the
external surfaces [25].

In the current study, the influence of cracking was investigated by applying an external surface to a compact tension sample and
measuring the current flow with a ZRA between the sample and the external surface. The environmental system, gas composition and
temperature were chosen that would sustain cracking [26]. This consisted of an A516 pressure vessel steel exposed to water with a 50
% carbon monoxide, 50 % carbon dioxide gas mixture pressurized to 800 kPa at 45 °C. The stress intensity threshold for SCC for this
steel system was determined, and was relatively low, ~3 MPa+/m [27,28]. Only the stress intensity and loading circumstances were
altered to establish the current response, with the ambient parameters remaining constant throughout the experiment.

Fig. 1. Diagram of the autoclave in which the experiments were undertaken.
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2. Materials and method
2.1. Specimen configuration and clamping

The current response measurements with stress intensities were evaluated using double cantilever beam (DCB) specimens. The DCB
specimens were designed and machined by adapting the ASTM E399-22 standard [29]. The suitability of this specimen for stress
corrosion cracking investigation was reported by Roy [29]. Fig. 1 shows the experimental set-up used to expose the double cantilever
beam specimens to the environment in an autoclave.

The temperature of the test autoclave was maintained by a heating element positioned around the autoclave. To avoid the
development of an electro-magnetic field, this heating element was folded back on itself so that the induced field did not alter the crack
depth measurements.

A potential drop method was used to determine the crack length. This was accomplished by passing a 1A current through the
sample and measuring the potential drop on the sample’s top surface (as shown in the schematic diagram in Fig. 2) and at the crack’s
origin. The ratio of these two values was used to determine the length of the crack. Before the test, the setup was calibrated to
determine the crack depth. Although the sample’s dimensions were less than those required for a DCB specimen, the specimen’s
configuration conformed to linear elastic fracture mechanics due to the embrittling nature of the environment.

2.2. Environment conditions

Water-resistant silicon rubber was applied to the external surface of each compact stress specimen to protect it from the envi-
ronment. Separate steel pieces were positioned in proximity on opposite sides of the crack to form a “new” external surface. The
electrons generated at the crack tip were diverted to the new exterior surface through a ZRA. The compact specimen was electrically
linked to the ZRA by attaching an insulated wire to the external surfaces and pulling it out of the autoclave in which the tests were
performed.

The electrons went from the compact specimen via the ZRA and back to the cathodic surface, where they were involved in with
reduction and oxidation reactions. The amount of current created during the electro dissolution process could be determined by
inserting the no-loss current measuring device into the circuit. The conductivity of the water limited the distance over which positive
current could flow as it passed through the crack opening, hence the “cathodes” were placed near to the crack mouth as illustrated in
Fig. 3.

2.3. Steel sample
The A516 pressure vessel steel was used throughout the study, with the composition reported in Table 1. The compositions were

analysed using Leco Carbon/Sulphur Analyzers, 3460 Emission Spectrometer, and were verified with the 8680 + 72RET XRF
spectrometers.

AN

Fig. 2. Potential drop method used for the crack propagation measurement.
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Fig. 3. The external electrode is shown in the schematic diagram of the double cantilever beam specimen.

Table 1

The composition of A516 pressure vessel steel.
Element Al B C Co Cr Cu A Mn
wit% 0.009 0.002 0.217 0.010 0.010 0.010 0.010 1.030
Element Mo N2 Nb Ni P S Ti Si
wt% 0.010 0.007 0.004 0.020 0.009 0.003 0.001 0.290

2.4. Experimental procedure

Before the experiments, nitrogen was bubbled through the water in the pressure vessel for at least an hour to achieve a low total
dissolved oxygen concentration. When high dissolved oxygen concentrations were detected, air was bubbled through the container
until the desired level of 8 ppm was reached, which was confirmed using a dissolved oxygen meter. The CO-CO; gas mixture was then
used to pressurize the water. The experiments were carried out at 45 °C or 25 °C, with the temperature being adjusted by external
heating of the autoclave. With the 50 % CO-50 %CO, gas mixture, the vessel was pressurised to 800 kPa. The pressurized water was
then released into the test autoclave.

Experiments were conducted at 25 °C and 45 °C using the potential drop crack measurement technique. The stress intensity was
increased to a predetermined level from a low-load conditions. The predetermined stress intensity did not exceed 70 % of the expected
peak intensity as recommended by Roy [29]. The stress level was maintained at this level for an extended period of at least 14 h. The
stress intensity was then reduced to a low-load state for at least one hour, during which time the current response was measured. The
response and all other measurements were taken every 20 s.

2.5. Fracture mechanics calculations

Compact tension specimens were utilized to assess the stress intensity in accordance with ASTM E399 — 90 [30]. The specimen’s
dimensions and configuration are shown in Fig. 4. The crack length was calibrated by introducing precise crack sizes while measuring
the potential difference. This was done to avoid errors in the measured data.

Equations (1) and (2) were used to calculate Kq for the compact specimens.
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Fig. 4. Compact specimen, C(T) with standard proportions and tolerances (units are in mm).
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where Pg = load; B = specimen thickness; W = specimen width; a = crack length.
2.6. Determination of the stress intensity threshold
The tests were carried out for at least 14 h with constant load, and the crack propagation rates were calculated.

3. Results

The ZRA signal results were plotted against stress intensity and the crack growth rates were also shown. Different stress intensity
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Fig. 5. Plot of stress intensity factor and the ZRA signal against time when stress intensity was below 3 MPa+/m.
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levels between the range of 1 and 60 MPa\/ m were applied, and the effect of low (<3MPa\/ m) and high (>3MPa\/ m) stress intensities
were evaluated. In addition to this, the effect of stress intensity increase rate was investigated at low and high stress intensities. Lastly,
the correlation of the ZRA response with the measured crack propagation rate was investigated.

3.1. ZRA signal response at low levels of stress intensity

The stress intensity threshold for stress-corrosion for this system was 3 MPa.m'/2, and this was used as a reference point for the
evaluation of the current response signals. It was expected that the current response signal would show some change during load
application as an indication of activity at the crack tip. At low stress intensity levels an increase in stress intensity caused an increase in
the ZRA signal. Fig. 5 shows that when the stress intensity was kept constant at 1 MPa+/m and then gradually increased to 2.5 MPay/m,
the ZRA signal increased as soon as the stress intensity increased above 1.2 MPa \/ m. The ZRA signal rose by roughly 0.25 A, showing
increasing activity at the crack tip. The fracture propagation rate could not be adequately measured at this tiny increase in stress
intensity. Only when the stress intensity was elevated over 1.2 MPa\/ mdid the ZRA signal increase, with constant amplitude.

Fig. 6 shows that the ZRA signal increased as the stress intensity increased from 1 MPa+/m to 30 MPa+y/m. As the stress intensity
rose above ~ 3 MPay/m, the ZRA signal gradient increased. Although, the ZRA signal was not sensitive to the local minimum and local
maximum of the stress intensity observed prior to the increase observed at > 12000 s.

In Fig. 7, the ZRA signal is plotted against time. The signal’s amplitude was 0.05 pA. The ZRA signal increased in response to
increasing stress intensity, with two increases seen: first, when the stress intensity was elevated to 4 MPa\/ m, and second, when it was
raised over ~ 3 MPa+/m. It rose to ~ 2.4 pA and then fluctuated after the initial rise. It reached ~ 2.55 pA with the second increment,
but then dropped slightly when the stress intensity was reduced, and then fluctuated with constant stress intensity of 20 MPay/m.

3.2. ZRA response and the stress intensity increase rates

Results from slow strain-rate and cyclically loaded specimens showed that the strain rate near the crack tip had a significant impact
on cracking. This phenomenon was examined to determine the impact of changing stress intensity rates. A rapid jump in the ZRA signal
was observed in Fig. 8 when the stress intensity was increased to ~ 65 MPa+/m from 50 MPa+/m. The rate at which the stress intensity
was increased is most likely responsible for this increase. This greater ZRA signal lasted for about 10,000 s before dropping to the
previous value at ~ 15000 s. At this point, there was no further increase in stress intensity as it was kept constant at ~ 70 MPa\/ m.
Fig. 9 shows that the gradient of the stress intensity during the increase was 0.0036 MPa\/ m.s~! when the increasing portion of the
stress intensity curve was fitted linearly.

Fig. 10 shows the ZRA signal and stress intensity over time for a test performed at 25 °C. The amplitude and frequency of the ZRA
signal increased as the stress intensity rose. The amplitude of the ZRA signal reduced when the loading rate decreased and the stress
intensity steadied, and the signal’s frequency decreased. The ZRA signal’s mean current was steadily decreasing. Fig. 11 shows crack
growth and demonstrates that the crack propagation rate was higher from 0 to 8 000 s than from 8 000 to 20 000 s, although the latter
region still had a comparatively high crack propagation rate. The overall crack length can be estimated using the linear fit (black line)
relationship in Fig. 11.

Another example of an increasing stress intensity condition is shown in Fig. 12. This test was performed at 25 °C, and there was
therefore a slightly lower sensitivity to cracking. When the stress intensity was varied, the effect of loading rate on cracking was
examined. Because of the modest influence of the measurements on the stress intensity, the measured crack length was not employed.
When the crack length was examined more closely, however, crack expansion did occur. The ZRA signal reflected this as well. At some
point the ZRA signal started to increase, and this continued throughout the increase of the stress intensity. However, when the stress
intensity was dropped to zero, the current also showed a drop.
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Fig. 6. Plot of stress intensity factor and the ZRA signal against time when stress intensity was increased up to 30 MPa.m1/2.
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Fig. 7. Stress intensity and the ZRA signal plotted against time with amplitude signal of 0.5 pA.
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Fig. 8. Stress intensity and ZRA signal plotted against time showing the effect of initial increase in stress intensity.

Fig. 9. Stress intensity factor and the ZRA signal plotted against time, showing increasing stress intensity fitted using a linear equation.
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3.3. ZRA response as the stress intensity was lowered from high levels

The ZRA signal declined from ~ 1.15 to ~ 0.8 pA as the stress intensity was reduced from ~ 68 MPay/m to ~ 3 MPay/m. The ZRA
signal surged abruptly when the stress intensity fell below ~ 53 MPa. \/m, then dropped drastically within 150 s. The ZRA response
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Fig. 10. Stress intensity and the ZRA signal plotted against time at 25 °C.
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Fig. 11. Stress intensity and the measured crack growth plotted against time.

60 2
- 19
50
- 1 - 1,8
!.:., N
E ol - 1,7
Il 40 ry
= 1 - 1,6 ‘i‘
] —
£ 30 = 15 E
s . k | g =—=stressintensity
£ ; - 14 §
& 0 3. il Current
g R : ¥ - 1,3
E LY LJ
) - 1,2
10 "
L 11
8] 1
o 5000 10000 15000 20000 25000 30000 35000
Time (s)
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Fig. 13. Stress intensity and the ZRA signal plotted against time when stress intensity was lowered from ~68 MPay/m.
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Fig. 14. Stress intensity and ZRA signal plotted against time when stress intensity was lowered from 48 MPa+/m.

was also sensitive to the slight increase in stress intensity at about 4200 s.

Fig. 14 shows that as the stress intensity was reduced from 48 to 0 MPa\/m, the ZRA signal decreased at a certain gradient, but
when the stress intensity was reduced to 15 MPa+/m, the gradient lowered significantly, and the mean value of the ZRA signal
increased \s}ightly again as the stress intensity was reduced. The ZRA signal declined sharply by 1 pA as the stress intensity dropped to
~ 0 MPa.y/m.
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Fig. 15. Stress intensity factor and the ZRA signal shown against time with fluctuating stress levels.
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3.4. ZRA response with fluctuations in stress intensity levels

In Fig. 15, the stress intensity was held constant at 1 MPa+/m before increasing to 4 MPa. y/m. The load was applied after a slight
drop to ~ 3 MPa\/ m and the final stress intensity above ~ 65 MPa\/ m was attained. The load was applied by temperature control of
the testing frame. The frame consisted of two arms with electrical heaters placed inside. The zero-load condition was achieved by
heating up these arms to a maximum temperature to ensure no load condition, and with no play to cause an increase in stress with the
shrinkage of the arms as the temperature was lowered. By controlling the temperature of the arms, the stress could be controlled. When
there was no load control, the stress intensity is plotted versus time together with the ZRA signal in Fig. 16. The load control on the
specimen became unstable, and the stress intensity became unstable because of this loss of control. The amplitude and frequency of the
ZRA signal increased due to the instability at 40 MPa \/ m. The amplitude of the signal was increased from 0.08 to approximately 0.14
pA. The ZRA signal recovered to its original proportions after this incidence of instability, although the frequency was still high.

With a changed stress intensity, the ZRA signal in Fig. 17 increased progressively from 2.4 to 2.65 pA. The stress level was
maintained at ~ 20.4 MPa+/m. The stress intensity then decreased to ~ 20.1 MPa. y/m before rising to ~ 20.4 MPa. 1/m.

3.5. ZRA response correlated with crack growth rates

In Fig. 18, the crack growth is plotted with a stress intensity of 15 MPa \/ m. The general trend of the crack length did not show any
propagation up to the last fifth shown, where there was also a slight increase in the current response measurement (ZRA signal).
However, the crack propagation rate did not show a significant correlation with the current response signal.

4. Discussion
4.1. Stress intensity threshold

Analysis of the data showed that the current response data could indicate the threshold for stress-corrosion. Although the threshold
predicted by the current response was slightly lower than the determined Kiscg, it still gave a conservative estimation. Therefore, the
ZRA measurements were significant, and gave an indication of the activity at the crack tip. The stress intensity threshold appeared to be
above 1.5 MPa+/m and below 7 MPa+/m (Figs. 5 - 7) The current reacted to changes in stress intensity and crack length in a variety of
ways, including abrupt rises in increased and decreased mean values; changes in the amplitude; changes in frequency; the polarity; and
the general gradient of the ZRA signal’s mean value [5].

If the “slip-step dissolving model” is adopted, the abrupt increase in the ZRA signal for the detection of the cracking threshold value
can be linked to this cracking system [20]. According to Manahan et al. [20], the fracture of the passive layer at the crack tip caused the
increase in the ZRA signal, which is the only explanation for an increase in ZRA when the stress intensity was increased. However,
according to the slip dissolution model, this would imply that crack propagation happens when the passive layer fractures, so as a
result, an increase in the ZRA signals indicated the start of crack propagation.

In this study, the more occurrences of passive film rupture must have contributed to the total crack growth, as indicated by the
higher frequency of the ZRA signals (Figs. 5 - 7). The increased amplitude could have reflected the magnitude of the events at the crack
tip (Figs. 8 - 14). Manahan et al. [4] observed a greater amplitude following a time of incubation in which the fracture had to propagate
through the highly strained pre-cracked zone, which they described as a higher crack growth rate. As the fracture length increased
beyond this range, crack formation became easier, and the amplitude and frequency of the ZRA signal increased.

The sign of ZRA signal revealed the nature of the process occurring at the crack tip, allowing the mechanism producing cracking
could be deduced. A positive ZRA signal was an indication that the resultant reaction at the crack tip was anodic, and a cathodic
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reaction occurred on the artificial crack sides [5,31]. There were signal losses as not all signals could be measured and might have been
lost during the measurement Due to possible fractional loss of current flow, it was challenging to quantify the overall current response
as a crack propagation rate. Thus, the results are more of qualitative indication of crack tip activity.

4.2. Cracking-related factors revealed by current response measurements

According to research using potential drop crack measurement technique [15], crack propagation is influenced by a constant stress
or stress intensity, as well as the rate the stress intensity increase. Thus, loading rates affect the initiation of cracking, making
determining the stress intensity threshold at these conditions more difficult. This was confirmed by the discovery that fracture
propagation was not solely influenced by stress severity [20] According to response data in this work, the loading rate, or the rate at
which the stress intensity increased (Figs. 8 - 11), had a major impact on crack formation.

As the ZRA signal responded to the change in stress intensity (Fig. 15), it appeared that there was very high chance of cracking with
significant increase in the current. This was most likely caused by the fracture of the passive layer, which resulted in a higher strain rate
at the crack tip [20]. As the load was released (i.e., measurements taken under no load condition), the current response measurements
showed an increase in frequency and amplitude (Fig. 16), and the stress intensity declined at a rate of 0.0036 MPa.m'/2/s. This meant
the likelihood of cracking increased during unloading, indicating that fracture propagation was dependent on loading rate. Thus, it was
possible to detect when cracking started and when it stopped using the current response. This was observed when stress intensity
changes resulted in higher current response fluctuations.
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4.3 Limitations

From these results some weaknesses have been identified. Firstly, the difficulty in correlating the crack growth measurements with
the ZRA signal response. With the potential drop crack measurement technique, the link between the current response and the crack
propagation rate was not detectable (Fig. 18). Unfortunately, the fracture length measurements had poor resolution, making crack
propagation below 50 um difficult to detect. This meant the current response measurements provided a more sensitive indication of
crack propagation than the crack propagation measurement. However, the current response measurements correspond to the activity
at the crack tip which would occur at a relatively high crack tip deformation rate. The crack propagation rate was relatively slow at
around 10° m.s™! (10°® mm.s~! or 3.6 pm.h_l), so it was difficult to correlate the two measurements (the crack growth rate mea-
surement (potential drop measurement) and the current measurement), since the activity at the crack tip could be cyclical, as small
bursts of crack growth. This was the expected growth pattern, and a continuous crack growth rate pattern was not seen [29]. Under
cyclical stress conditions, these short growth bursts would probably be sustained at a higher frequency. Since the whole process is
related to the corrosion and passivation rates, which are relatively slow, a maximum crack growth rate would exist when controlled by
these electrochemical rates. Thus, the ZRA signal could not be effectively correlated as a direct indication of crack propagation.
However, as cracking progressed, the amplitude of the ZRA signal increased, or the mean value increased abruptly, as in the case of
stress intensity above the threshold. Although there were variations in the results, the trends were good for qualitative assessment of
the process, especially for stress corrosion cracking of carbon steels in the selected media. Some of the inconsistencies are attributed to
crevices formed between the steel and the silicon rubber insulation. This increased the noise in the measurements.

5 Conclusions

In this work, a new approach for determining the threshold of stress-corrosion cracking of carbon steels in HoO-CO-CO, envi-
ronment was investigated. Current response due to external “crack wall” surface was measured using zero-resistance ammeter. The
following conclusions were drawn:

1. The current response measurements could be used to detect the stress intensity threshold for stress corrosion cracking.

2. The ZRA signal indicated that cracking had occurred, however there was no clear correlation between crack growth and the ZRA
signal.

3. Current response measurements indicated the role of strain rate dependence of cracking since current response increased with
increasing the strain rate.

4. There was inconsistency with the correlation of the crack length and electrochemical response. However, the ZRA signal increased
with activity at the crack tip, corresponding with crack growth.
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