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Stress-corrosion cracking (SCC) of alloy 600 and alloy 800 in 0.5 mol/L thiosulfate solution during constant
strain was investigated using electrochemical noise (EN) combined with 3-D microscope techniques. The
in-situ morphology observation and EN results indicate that the SCC process could be divided into three
stages: (1) passive film stabilization and growth, (2) crack initiation, (3) and crack growth. Power Spectral
Density (PSD) and the probability distribution obtained from EN were used as the “fingerprint” to distinguish
the different processes. During passive film stabilization and growth, the current noise signals resembled
“white noise”: when the crack initiated, many transient peaks could be seen in the current noise and the
wavelet energy at low frequency as well as the noise resistance decreased. After crack propagation, the
noise amplitudes increased, particularly the white noises at low and high frequencies (/1. and Wy) in the
PSDs. Finally, the detection of metal structure corrosion in a simulated sea splash zone and pipeline corrosion

in the atmosphere are established.
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1. Introduction

Significant corrosion degradation of steam generator
(SG) tubing has been found in the SG secondary side
worldwide. Pitting corrosion and crevice/underdeposit
corrosion, intergranular attack (IGA) and stress corrosion
cracking (SCC) are among the possible major forms of
degradation for SG tube materials. In the case of outer
diameter (OD) SCC of SG tubing, it is found to be mostly
associated with packed heat-transfer crevices at tube sup-
ports where the dilute impurities can hide out, concentrate
and, in some cases, precipitate. Typically, the deposits are
mostly porous magnetite, but may also contain copper,
lead, sulfur, aluminum, silicon and other species. The
crevices can result in a corrosive fluid in the deposit pores.
Sulfur is often present, initially as sulfate that can be re-
duced by hydrazine or by Fe, Cr and Ni to produce ag-
gressive lower valence species [1].

Detection of SCC at early stage is increasingly more
important to generate the knowledge to ensure the nuclear
power plant operability. It is also very desirable in the
context of degradation afflicting numerous other en-
gineered systems. In laboratory settings, investigators
have used in-situ physical methods (such as acoustic emis-
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sion (AE) [2-4]), surface analysis methods (such as
Transmission Electron Microscopy (TEM), scanning elec-
tron microscope (SEM)), electrochemical methods (such
as electrochemical noise (EN) [5,6], electrochemical im-
pedance spectroscopy (EIS) [7]) and a combination of EIS
and EN [8-10] to detect SCC. However, the information
provided by TEM and SEM may be limited because they
are not in-situ methods. EN records the fluctuations in
the potential and current generated spontaneously by cor-
rosion processes. In recent years, it has received consid-
erable attention in the corrosion monitoring. EN, asso-
ciated with all degrees of freedom of the system, indicates
a change in the thermodynamic and kinetic states of the
interface, and it is the only electrochemical technique that
does not disturb the system [11]. It can be used to monitor
remotely the corrosion type and intensity. With the prog-
ress in electronics and mathematical methods (such as
wavelet theory), EN applications that can be used for mon-
itoring and detection of corrosion process have been de-
veloped in recent years. The corrosion and corrosion-re-
lated processes identified as sources of the EN signal in-
clude, among others, the initiation and propagation of
stress corrosion cracks [5,8]; hydrogen bubble nucleation,
growth, and detachment [12]; passive film formation and
growth [13,14]; nucleation, growth, and propagation of
pits [15]; abrasion-corrosion [16]; high temperature corro-
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sion [14,17]; and microbial corrosion [18]; degradation
of organic coatings [19,20] and uniform corrosion [21].
Analysis of the spontaneous fluctuations of potential and
current is performed to distinguish between the different
corrosion processes, because each type of corrosion (for
example, general corrosion, pitting, crevice, and stress cor-
rosion cracking) can exhibit a characteristic “fingerprint”
or “signature” in the noise signal. This “fingerprint” can
be used to identify the type of corrosion occurring and
to quantify its severity [22]. Traditional electrochemical
techniques such as the linear polarization resistance, elec-
trochemical impedance, etc., cannot provide this kind of
information. Therefore, most of the EN development has
been directed on localized corrosion. The advantage of
EN is that it can monitor ongoing corrosion, for example,
“transient peaks” would appear on both potential noise
and current noise; the challenging aspect is how to extract
interpretable parameters from the EN data. EN is an in-situ
electrochemical method based predominantly on statistics,
however, modern mathematics such as wavelet analysis
[23-25], chaos theory [11,21], Hilbert spectra [26] have
also been introduced into the EN analysis in recent years.

0.1

0.0}

I/nA

200 400 600
time (s)

(a) from 30 to 542 s

1.0

0 200 400 600
time (s)

(c) from 4000 to 4512 s

Fig. 1 ECN during the SCC process.
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Online detection in-situ in nuclear power plants at early
stages of degradation is of great research interest and an
important development tendency. Quirk [27], Kain [28§],
Hickling [29], and Macak [17,30] successfully detected
corrosion and SCC of Alloy 600, 304 stainless steel (SS)
and 08CH18NI10T austenitic SS in high temperature and
high pressure water, and they used noise resistance, spec-
tral noise resistance and frequency analysis to characterize
the corrosion behaviour in different solutions and im-
mersion time, and finally they monitored the crack ini-
tiation and propagation through the transient features.

In this work, the initiation and propagation of SCC on
Alloy 600 and Alloy 800 detected by EN and microscopy,
and characteristic parameters are extracted from the EN
data using modern algorithms to distinguish different cor-
rosion modes. This in-lab investigation is a step towards
a field application of EN.

2. Experimental Procedure

The Alloy 600 tubing used in this investigation
(Sandvik, Heat #: 769536) contained Fe (8.98 wt%), Ni
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(73.44 wt%), Cr (16.62 wt%) and other low-content ele-

ments (Si, Mn, P, S, Co, Ti). It had the dimension of ol —0s
. ——1200s
13.9 mm outer diameter and 1.13 mm average wall g — 4000s
thickness. The Alloy 800 tubing (Sandvik Heat #: 516809) 1oL ——6000s
contained Fe (43.2 wt%), Ni (32.78 wt%), Cr (21.87 wt%) -
and other low-content elements (Si, Mn, P, S, Co, Ti) ? _17:
and had the dimension of 15.88 mm outer diameter and %’: 10 3
1.13 mm average wall thickness. The Alloy 600 sample £ Lt
was a C-ring of constant strain (deflection on OD: 1.356 107
mm). In accordance with GB38-01, the applied stress was i
significantly higher than the Alloy 600 yield stress. 107}
Specimens were 20 mm long, connected with copper wire 1 6_3 1 (')_2 1'0_1 1'00

and sealed in epoxy. The end surface of the ring was me-
chanically polished with wet silicon carbide paper
(Buehler Ltd.) down to 1200 grit to expose the end surface
of C-ring, then rinsed with copious deionized water, and
dried in air. For Alloy 800, a compact tension (CT) sample
with a pre-formed crack of 2.578 mm was used.

The EN measurements were conducted using a three-
electrode configuration. A saturated calomel electrode
(SCE) was used as the reference electrode and a platinum
electrode was used as the counter electrode. Before the
measurement, the working electrode surface was cathodi-
cally polarized at -1 Vgcg for 15 min to remove the native
oxide and then exposed to an open-circuit for 30 min.
Each electrochemical noise test was carried out with a
sampling frequency of 2 Hz. Before statistical analysis,
the direct current (dc) component was removed from the
original EN data by a 5-order polynomial fitting [11] on
every 512 s interval.

3. Results and Discussion

3.1 Detection of SCC on Alloy 600 C-ing using EN

Fig. 1 shows the electrochemical current noise (ECN)
during the test. The ECN reveals different features as the
experiment progresses. In the beginning (see Fig. 1a), the

Table 1 Parameters from PSDs

Frequency (Hz)

Fig. 2 PSD of ECN during the SCC.

ECN resembles “white noise”, and the amplitude of ECN
is about 0.02 nA; as the immersion time increases to 1200
s, the amplitude of ECN increases to 0.1 nA. After the
immersion time further reaches 4000 s (Fig. 1 c), some
transient peaks appear in the ECN data, which are usually
an indicator of localized corrosion such as surface passive
film breakdown; for the time of 6000 s, more transient
peaks are apparent in the EN data.

To study the characteristics of EN parameters at differ-
ent stages of the corrosion process, the EN data from typi-
cal time segments during SCC were extracted and ana-
lyzed (512 s were chosen for each segment). PSDs ob-
tained by fast Fourier transformation (FFT) are shown in
Fig. 2. Table 1 lists the parameters from the PSDs.
Uruchurtu [31] has found that, while the roll-off slope
of the PSD is much lower than —20 dB dec’, the material
is in uniform corrosion or in passivation state. When the
roll-off slope is higher than —20 dB dec ™', it is usually
the symptom of localized corrosion. From the value of
the roll-off slope, K, of the PSD of ECN during the differ-
ent time segments shown in Fig. 2 and Table 1, before

Number Time /s W1/107'v2-Hz! K/dB-dec! S/A-cm™
A 30~542 -1.81 -29.25 1.12E-6
B 600~1112 -2.95 -30.36 1.41E-6
C 1200~1712 -3.95 -31.11 1.05E-6
D 2000~2512 -4.37 -23.59 2.13E-6
E 4000~4512 -2.44 -15.85 3.87E-6
F 5000~5512 -10.58 -17.50 3.61E-6
G 6000~6512 -11.44 -18.28 3.21E-6
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(a) 600 s

(b) 1200 s

(c) 4000 s
Fig. 3 Surface morphology of Alloy 600 during SCC as a function of time at (a) 600 s, (b) 1200 s, (c) 4000 s, and (d) 6000 s.

4000 s (A, B, C, D time segment), the values of roll-off
slope K were all lower than —20 dB dec ™', while the am-
plitude of ECN were much lower (Fig. 2), which indicates

@ (b)

Fig. 4 the CT sample before

o

and after the experiment.
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(d) 6000 s

that the surface is in passive state. After 4000 s (E, F,
G time segment), as the experiment went on, the values
of roll-off slope K were all higher than —20 dB dec”',
while the amplitude of ECN increases markedly (Fig. 1),
which indicated that localized corrosion, e.g., pitting and
crack propagation, might have occurred on the surface of
the specimen. It should be noted that K decreases again;
the possible reason being that the corrosion products accu-
mulated on the surface of the specimen alleviate the corro-
sion effect. Surface morphology of the specimen at various
stages during the experiment are shown in Fig. 3. It can
be observed that no pitting corrosion or cracking appeared
in the specimen surface before 600 s (Fig. 3a), consistent
with no localized corrosion on the surface of specimen
at the initial stage of the experiment. As was seen from
Fig. 3c and d, some cracks were observed on the surface
of specimen at the later stage of the experiment. Hence,
the result of EN data analysis was confirmed by the micro-
scopic observation.

3.2 Detection of SCC on Alloy 800 using EN

Fig. 4a and c¢ shows the Alloy 800 CT sample with
a crack of 2.578 mm, and the sample was polarized at

197



DA-HAI XI4, YASHAR BEHNAMIAN, JING-LI LUO, AND STAN KLIMAS

PSD /nAZ-Hz"

107
3

()

10° : :
1E-3 0.01 0.1 1

Frequency(Hz)
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Fig. 7 Detection of the atmospheric corrosion of three sites on pipeline using a EN sensor (al,a2) EPN and ECN of site 1; (b1,b2)
EPN and ECN of site 2; (c1,c2) EPN and ECN of site 3; (d) schematic diagram of the EN sensor; (e) a picture of the sensor;
(f) schematic diagram when detecting three different sites using the sensor.

0.9 Vg for 90000 s. It is observed that, after the experi-
ment, the crack propagated by 0.275 mm. The ECN data
sets were recorded at 30 s and 86400 s, respectively. The
PSD and probability distribution ECN are shown in Fig.
5 and Fig. 6, respectively. In the process of crack prop-
agation, the noise amplitudes, the white noises at low and
high frequencies (W and Wy) in the PSDs increase, and
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the probability distribution of ECN also become wider
after the crack propagation.

3.3 Detection of pipeline steel cormrosion using EN sensor

Fig. 7 shows data from an electrochemical sensor for
monitoring of atmospheric corrosion of pipeline steel. Fig,
7e is a photograph of the sensor. There are three electrodes

CORROSION SCIENCE AND TECHNOLOGY Vol 16, No.4, 2017
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in this sensor: PtNb wire as the counter electrode, pure
Zn as the reference electrode, and a Cu wire connected
to the materials being investigated as the working
electrode. The sensor attach to the metal surface by
magnets. During the measurement, a filter paper wetted
with distilled water was inserted between the sensor and
the tested surface, as shown in Fig. 2d. The measured
EN data for three different sites are shown in Fig. 7 a-c.
It is apparent that site #3 suffers localized corrosion be-
cause there are many transient peaks in the EN spectrum
taken at that site.

L
Spray nozzle
Iron plate —
Test stand
2 High level
= Low level
wn
- = Qutfall 2
\— Outfall 1

3.4 Detection of corrosion in marine splash zone using
electrochemical noise [32]

A splash zone corrosion was simulated in lab and the re-
sults are briefly described in this section. Fig. 8 shows a
schematic diagram of a test device to simulate the corrosion
in marine splash zone. This device was composed of metal
frame immersed in a water tank, with a spray nozzle, and
the electrochemical sensor. It can simulate the conditions
of the full immersion zone, tidal range zone and splash zone.
The splash zone simulation could be achieved with a spray
nozzle and an outfall at the bottom of the tank. The simu-

Fig. 8 Schematic diagram of the simulated corrosion test device (unit, cm).
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Fig. 9 Time domain spectrum after the trend removal.
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lated splash zone corrosion was achieved by controlling
the liquid at certain level with opening the spay nozzle
and also turning on the outfall at the bottom of the tank
at the same time. The metal frame was treated by three
methods: part A was the bare metal, part B was coated
with a lacquer, and part C was covered by an organic
coating which was resistant to marine corrosion. Fig. 9
shows the ECN and EPN before water bath, during water
bath and after water bath. It is clear that the amplitude
of both EPN and ECN during the water bath and after
the water bath are higher than those before the water bath,
indicating that the corrosion rate of the investigated metal
under these two cases are higher than before the water
bath.

4. Conclusions

During passive film stabilization and growth, the cur-
rent noise signals resembled “‘white noise”’; when the crack
initiated, many transient peaks could be seen in current
noise, and the wavelet energy at low frequency and noise
resistance also decreased. After crack propagation, the
noise amplitudes, the white noises at low and high fre-
quencies (W1 and W) in the PSDs increased. Laboratory
simulation also indicate that the EN technique could be
used in the detection of metal structure corrosion in sea
splash zone atmospheric corrosion of pipelines.
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