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Abstract:  

The aim of this study is to monitor the initiation and the propagation of single or a colony of intergranular 
SCC cracks using the acoustic emission technique. The main goal is a better understanding of the 
behavior and the propagation of multiple cracks for a better evaluation of the influence of cracks 
interactions on the failure process. For nuclear applications, the final aim is to propose new integrity 
criteria. 
Several experimental tests were performed using mill annealed and sensitized samples of alloy 600, 
which were immersed in a 0.01 M of potassium tetrathionate solution acidified at pH 3.0 or 5.3. The 
experiments were also monitored by in-situ digital image correlation (DIC) and electrochemical noise 
(EN) measurements. 
Three stages were identified in the propagation and the growth of both a single crack and a colony of 
cracks. During stage I, no crack was detected and the main acoustic emission signals were related to 
intergranular corrosion and/or anodic dissolution. 
Stage II was characterized by surface crack propagation, mostly induced by anodic dissolution. The 
acoustic emission signals recorded during this phase were generated by intergranular corrosion 
processes. 
During stage III, the interactions between the cracks became more and more intense (crack 
coalescences) with an important implication of plastic strain (macro cracking, plastic deformation,…). 
Such processes were identified as the source of the important acoustic emission activity detected during 
this last stage. 
Finally, the implementation of acoustic emission technique coupled with DIC and EN measurements 
contributed to the understanding of the mechanisms involved in short stress corrosion cracks 
interactions which was determinant for the modeling of the colony behavior. 
  
 

1. Introduction 

 
Stress Corrosion Cracking (SCC) is one of the significant ageing degradation processes in 
industries operating under extreme conditions, especially in nuclear power plants (pressurized 
and boiling water reactors). SCC leads to a premature degradation process of metals and 
alloys generated by the synergistic effect of static tensile mechanical loading and 
environmental factors [1]. In that context, a better understanding and evaluation of the SCC 
process is considered as an important technical issue for the safety and maintenance of these 
ageing nuclear power plants (NPP) which are reaching a mean operating age of 30 years [2-
3]. A streamlined approach to SCC risk evaluation involves the stage of initiation and the period 
of interaction between several cracks (e.g. shielding effects, coalescence and irregular 
propagation) [4-8]. For this purpose, acoustic emission technique (AE) represents an efficient 
non-invasive and non-destructive evaluation technique allowing the detection and localization 
of stress corrosion cracks [9-15]. Literature review about the use of AE technique for studying 
corrosion processes, confirms that several types of corrosion can be detected and monitored 
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by the mean of AE. Pitting, crevice, corrosion-abrasion in addition to stress corrosion cracking 
have been studied and found to be correlated with AE [16-22]. 
 
Yuyama [23] actually reported that several processes could liberate acoustic emission signals 
during SCC. These processes involve metal dissolution, hydrogen gas evolution, the 
breakdown of thick oxide films, fracture or decohesion of precipitate and inclusions, plastic 
deformation, martensitic transformation and micro/macro cracking (see Figure 1). 
Nevertheless these processes didn’t release the same amount of energy and didn’t present 
the same probability of being detected by piezoelectric sensors. Metal dissolution and film 
formation are the less energetic processes, in contrast the rupture of thick film, gas release, 
plastic deformation and cracks propagation represent the most energetic processes and can 
be easily detected. 

 

Figure 1: Sources of acoustic emission in SCC [23] 

 
The main goal of this work is a better understanding of the behavior and the propagation of 
multiple cracks for a better evaluation of the influence of cracks interactions on the failure 
process. The correlation of different techniques: AE (Acoustic Emission), EN (Electrochemical 
Noise) and DIC (Digital Image Correlation) allow a better characterization of the behavior of a 
SCC colony considering the individual evolution of each crack. The use of these three 
techniques will enable the identification of the different stages of the crack colony evolution 
and on the mechanisms involved in each stage. 
 
 

2. Description of work 
 
 
All the experiments mentioned below have been conducted and performed during the PhD 
thesis of Bolivar, J. [24] which was a part of the ANR ECCOFIC project. This project aimed at 
studying the behavior of colonies of environmentally assisted short cracks. In the present work 
we focus particularly on the AE acquisition and the contribution of this technique in determining 
the characteristics of intergranular SCC defects. Otherwise Bolivar [24-26] has reported in 
details the technical aspects and results of the two other techniques mentioned in this paper 
(EN and DIC). 
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The experiments were performed on a 2 mm thick plate of Alloy 600. The chemical composition 
can be found in Table 1. The specimens were machined out by Electrical Discharge Machining, 
then heat-treated during 30 h at 600°C and air-cooled. 
 
The specimens were partially covered with a silicon rubber in order to limit the exposed area. 
Only the middle section of the samples was exposed to the electrolyte, with an exposed area 
of 120 mm2 on each side (15 X 8 mm).  The test solution consisted in 0.01 M potassium 
tetrathionate acidified at pH 3 or 5.3 by H2SO4 addition. 

Table 1. Composition of the tested Inconel 600 alloy 

 
Element Ni Fe Cr Mn Cu Co Ti + Al C S 

Wt. % bal. 9,25 15,52 0,12 0,1 0,1 0,25 0,03 0,002 

 
Samples were immersed in the test solution at least 60 minutes before loading starts. Loading 
tests were performed after the immersion step at 80% of the yield stress (σy = 263 MPa) using 
an electromechanical tensile machine (LLOYD LR30K Plus). 
 
Figure 2 shows the experimental device used during the tests and allowing the use of DIC, AE 
and EN simultaneously. 
 
AE data acquisition was performed using MISTRAS PCI2 acquisition system. The sample rate 
was set at 2 MHz, offering a good compromise between measurement accuracy and data file 
size. Two piezoelectric sensors (R15D) were used because of their good immunity against the 
EMI (Electromagnetic Interference), and allowing the conversion of transitory elastic waves 
resulting from corrosion processes into an electrical voltage. The sensors were fixed on the 
top and at the bottom of the stressed specimen (working electrode). These piezoelectric 
sensors present an operating frequency range between 50 – 400 kHz with a resonant 
frequency centered on 150 kHz.  
 
Table 2 gathers the characteristics of the AE acquisition devices. Two 2/4/6 preamplifiers, with 
a selected gain of 60 dBAE, were used. Furthermore, a band-pass filter was set-up between 
100 kHz and 400 kHz, in order to minimize the environmental noise. The threshold was set to 
23 dBAE, intended first to get an appropriate sensitivity and then to separate effective signals 
from insignificant events. 
 

Table 2. Main Characteristics of AE acquisition devices. 
 

Instrumentation Characteristics 
Sensors R15D 

Threshold (dBAE) 23 
System Filter (kHz) 100-400 

Preamplifier – gain (dB) 2/4/6 – gain: 60 dB 
PDT-HDT-HLT (µs) 300-600-1000 

Waveform Sample Rate (MSPS) 2 
Waveform Pre-Trigger 50 pts 

Waveform Length 1K [512 ms] 
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The acquisition chain was computed using MISTRAS AEwin™ software and results were 
analyzed using MISTRAS Noesis™ software. The normalized Hsu–Nielsen test [EN 1330-9] 
was carried out to verify the sensor coupling and the whole setup of the AE system. 
 

 

Figure 2: Experimental device used during the experiments 

3. Results 
 

 
Four room temperature SCC constant load tests were performed in a 10 mM K2S4O6 (acidified 
to pH 3 or pH 5.3) solution and loaded until 80 % of the yield stress (tests name: CC-02-15, 
CC-03-15, CC-04-15, CC-07-15). One test has been conducted without loading, only under 
immersion condition (CI-01-15). Table 3 gathers the details of these different tests. 
 
The experiments CC-02-15, CC-03-15 and CC-07-15 were performed under conditions where 
a dense crack colony propagated. Test CC-04-15 was conducted at higher pH (5.3) and a 
single IG-SCC defect was detected. It must be highlighted that the test CC-07-15 is different 
in comparison to other tests, as this test was not monitored by EN measurements. 
 
Based on the correlation between DIC and EN results, Bolivar [24-26] has reported that the 
crack colony evolution could be split into 3 main stages (see Figure 3). Stage I’ is 
representative of the lapse of time comprised from the moment when the loading started (t0) 
until the detection of the first cracks by DIC (ta). No cracks were detected by DIC throughout 
this initial stage, and the EN measurements reveals an intergranular attack signature 
(intergranular corrosion and/or anodic dissolution). 
 
Stage II’ was defined as the lapse of time between the end of the stage I’ (ta) and the moment 
where the crack density was maximal (tb). This stage is mainly characterized by the detection 
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of superficial cracks which propagate mostly in surface. The propagation mechanism is mainly 
induced by the anodic dissolution of grain boundaries. 
 
Finally, the stage III was comprised from tb until the end of the test. Macro-cracks were 
observed during this stage after an increase of the cracks interaction (coalescences and 
shielding). Plastic mechanisms present an important implication throughout this stage (macro 
cracking, plastic deformation, rupture). 
 
For AE data analysis, it was chosen to represent separately the data between (t0 – ta), (ta-tb) 
and (tb – end of test). These time values were determined, based on DIC and EN results (ta 
equal to 24000 seconds and tb equal to 48000 seconds). 
 
Table 3. Experimental characteristics of the different conducted tests (CC-02-15, CC-03-15, CC-04-15, 

CC-07-15 & CI-01-15). 

ID test Experimental conditions  pH 
Immersion time before 

loading (h) 
Test duration (h) 

CC-02-15 
MAS Alloy 600, 

Solution 0.01 M K2S4O6 

  Loading (0.8 σy) 

3 4 24 

CC-03-15 3 1 23 

CC-04-15 5.3 4 100 

CC-07-15 3 1 25 

CI-01-15 
MAS Alloy 600, 

Solution 0.01 M K2S4O6 

3 No loading 113 

.

 

Figure 3: Representation of the different times and stages of crack colony evolution according to DIC 
& EN measurements [24] 

 
The first step of the AE data processing was based on the discrimination between noise and 
significant signals. Table 4 presents the characteristics of noise signals (electromagnetic, high 
frequencies and mechanical). AE hits related to noise are mainly characterized by a hits 
amplitude lower than 27 dBAE and a low number of counts per hit (1 count/hit). These signals 
were filtered from the AE analysis for the rest of the study. 
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Table 4. Characteristics of AE hits recorded during the different stages of crack colony evolution. 

 

3.1  Stage I’ (0 – 24000 seconds): 
 
For this stage, AE data processing was performed based on following experiments: (CC-02-
15, CC-03-15 and CC-03-15). These tests were carried out in similar experimental conditions. 

 
 

Figure 4: Filtered AE results recorded during the following tests (Stage I’ [0 s - 24000 s]: CC-02-15, 
CC-03-15 & CC-07-15) 

Plot 1: Cumulated Activity of AE hits as a function of time, Plot 2: Cumulated Intensity of AE hits as a 
function of time, Plot 3: AE hits number as a function of their amplitude, Plot 4: AE hits amplitude as a 

function of time. 
 

Class ID Amplitude (dBAE) Absolute Energy (aJ) Counts Frequency centroid (kHz) 

Noise 23-26 < 0,1 1 220-320 

Stage I’ 24-40 0,1-10 1-20 240-300 

Stage II’ 24-50 <100 1-100 200-300 

Stage III 24-50 <150 1-100 190-310 
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Figure 4 recapitulates the AE filtered results obtained during the first stage of a crack colony 
evolution (stage I’). It shows the presence of an important AE activity at the beginning of the 
tests, which corresponds to the loading time (80% σy). The main part of these AE signals were 
induced by plastic deformation which occurred locally in the material, eventually in grain 
boundaries (dissolved zone after the immersion phase). The AE activity tends to decrease 
after the loading step, indicating a viscoplatic mechanical behavior of loaded specimens. 
Based on Figure 4, the test CC-07-15 presents a higher activity and intensity in comparison to 
the other tests CC-02-15 and CC-03-15. 

3.2 Stage II’ (24000 – 48000 seconds): 
 
For this stage, AE data processing was performed based on following experiments: CC-02-15, 
CC-03-15 and CC-03-15 in addition to the immersion test carried out without loading (CI-01-
15). 
 
AE hits detected throughout this second stage are characterized by low and medium amplitude 
(24 dBAE - 50 dBAE). The main part of these hits presents an absolute energy lower than 10 aJ. 
AE activity remains constant during this stage and comparable to the AE signals detected 
during the constant load part of the first stage (see Figure 5). 
 

 
 

Figure 5: Filtered AE results recorded during the following tests  
(Stage II’ [24000 s - 48000 s]: CC-02-15, CC-03-15, CC-07-15 & CI-01-15) 

Plot 1: Cumulated Activity of AE hits as a function of time, Plot 2: Cumulated Intensity of AE hits as a 
function of time, Plot 3: AE hits number as a function of their amplitude, Plot 4: AE hits amplitude as a 

function of time. 
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These signals were compared to the signals detected during the immersion test (CI-01-15) in 
order to identify the source of these AE signals. A low AE emissivity was detected during the 
immersion test, otherwise this emissivity remains similar to the emissivity recorded during the 
three constant load tests (CC-02-15, CC-03-15 & CC-07-15). AE hits characterized by a low 
and medium amplitude were detected during these different tests (immersion and constant 
load tests) (see Table 4 & Figure 5). 
 
The correlation of DIC, EN and AE results indicates that intergranular corrosion and superficial 
crack propagation are the emissive mechanisms of this stage with low energy hits. 

3.3 Stage III (t>48000 seconds): 
 
For this stage, we first compared the AE results obtained during the following experiments: 
CC-02-15 & CC-07-15, these experiments were interrupted before rupture. AE results indicate 
a significant increase of the AE activity and intensity, 57000 seconds after the beginning of the 
tests (see Figure 6). The correlation between DIC, EN and AE results indicates that this 
increase is induced by cracks coalescence and propagation. 
 

 
 

Figure 6: Filtered AE results recorded during the following tests (Stage III [t>48000 s]: CC-02-15 & 
CC-07-15) 

Plot 1: Cumulated Activity of AE hits as a function of time, Plot 2: Cumulated Intensity of AE hits as a 
function of time, Plot 3: AE hits number as a function of their amplitude, Plot 4: AE hits amplitude as a 

function of time. 
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The test CC-03-15, was performed until rupture; the AE results obtained during this test are 
presented in Figure 7. These results indicate an AE activity increasing after 57000 seconds; 
this increase becomes more and more significant after 68000 seconds. 
 

 
 

Figure 7: Filtered AE results recorded during the following tests (Stage III [t>48000 s]: CC-03-15), 
Plot 1: Cumulated Activity of AE hits as a function of time, Plot 2: Cumulated Intensity of AE hits as a 
function of time, Plot 3: AE hits number as a function of their amplitude, Plot 4: AE hits amplitude as a 

function of time. 
 
 

4. Discussion 

 
The correlation of three different techniques (AE, EN and DIC) allows the identification of the 
different stages of cracks colony evolution and of the mechanisms involved in each stage. This 
correlation indicates that the stage I’ of the crack colony evolution is mainly driven by the 
intergranular corrosion.  
 
The AE activity detected during this stage is mostly induced by plastic deformation which 
occurred during the initial loading part. Mechanical tests monitored by AE technique of Inconel 
and austenitic alloys, show similar results indicating an important AE activity due to local plastic 
strain [14, 17]. Furthermore it must be noticed that AE activity decreases during the constant 
load phase without any full stabilization of AE, revealing a change in the emissive mechanism. 
Once the effect of the load is fully stabilized, AE activity is released by intergranular corrosion. 
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Multiparametric pattern recognition analysis of AE signals recorded during Stage II’, indicates 
that these signals were closely similar to the signals recorded during the immersion test (see 
Figure 8). These hits were characterized by low and medium amplitude varying between 24 
and 50 dBAE. The hits were not very energetic and presented a frequency centroid band 
centered on 250 kHz (see Figure 8). 
      
AE analysis was correlated with DIC and EN results, indicating the detection of superficial 
cracks during this second stage. Intergranular corrosion and superficial cracks propagation 
represent the active and emissive processes during this second stage (ta<time<tb).  
 
 

 

Figure 8: Frequency centroid of AE hits as function of their amplitude; Absolute energy of AE hits 
versus time (Stage II [24000 s - 48000 s]: Loaded tests CC-02-15, CC-03-15 & CC-07-15 – Immersion 

test CI-01-15). 

 
The third stage of the crack colony evolution process is the most emissive stage and it is 
characterized by a significant increase of the AE activity and intensity. This AE emissivity is 
mainly induced by cracks propagation which results from local plastic deformation. These 
results confirm the interest and the sensitivity of AE technique on crack propagation detection. 
 
In order to confirm the AE signature of plastic deformation and macro-cracking, AE results 
obtained during the test CC-03-15 (test conducted until rupture with an important colony of 
macro-cracks) and the test CC-04-15 (test with single crack due to an increase of pH) were 
compared. Figure 9 shows the single macro-crack observed at the end of the test CC-04-15. 
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Figure 9: Optical observations and SEM images of sample surface after SCC tests under Constant 

Load (0.8 σy) of a MAS Alloy 600 sample in a 0.01 M tetrathionate solution at different pH. 
 

 
The comparison of AE results recorded during these two tests (CC-03-15 & CC-04-15), is 
represented in Figure 10, allowing distinguishing macro-cracking signals from plastic 
deformation signals. For the single macro-cracking test (CC-04-15), the main part of AE signals 
was induced by plastic deformation mechanisms; only a few number of highly energetic AE 
signals were related to the macro-cracking propagation. It is notable that these high energy 
hits were more detected during the macro-cracking test CC-03-15, where an important colony 
of macro-cracks was observed. 
 
Furthermore, it must be noticed that the AE signals recorded during the single-crack sample 
were closely similar to the AE signals recorded before the rupture of the multi-cracks sample 
(signals recorded between 57000 seconds and 80000 seconds). This indicates that these 
signals were released by the same mechanism (plastic deformation). 
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Figure 10: Multiparametric analysis and PCA (Principal Component Analysis) of AE filtered hits 
recorded during the tests CC-03-15 (multi-cracks) & CC-04-15 (single-crack). 

5. Conclusion 
 
 
Correlations between DIC, EN and AE results allowed characterizing the crack colony 
propagation into three different stages.  
 
The first stage was characterized by a low acoustic emission activity and high levels of current 
(DC part). This result evidences active dissolution and lack of re-passivation during this stage;  
grain boundary dissolution affects only the surface. 
 
In the second stage, AE activity remains constant with low energy signals. Anodic dissolution 
and intergranular corrosion remain the main mechanisms of this stage, in addition to some 
interactions between superficial cracks. 
  
Finally, the last stage is the most emissive part of the crack colony evolution process. High 
energetic AE signals were detected during this stage resulting from local plastic deformation 
and cracks propagation and coalescence. 
 
Associated to complementary techniques, AE is therefore a powerful tool to study and identify 
the different propagation steps of SCC, involving either a single crack or a colony. 
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