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Abstract: 

Stress corrosion cracking (SCC) is a complicated three-dimensional (3D) process involving both 
electrochemical and mechanical phenomena. The source mechanism of acoustic emission (AE) 
behavior during SCC development is still not well understood. In this work, AE monitoring combined 
with 3D characterization using X-ray computed tomography (X-ray CT) were proposed to investigate 
the SCC of an initially smooth sample of SUS420J2 stainless steel exposed to both a 0.6% constant 
strain and a neutral sodium chloride droplet at room temperature. Cracks were observed to originate 
from corrosion pits. Further 3D observation of the inner geometry of cracks indicated that cracks 
preferentially attacked the mouth, rather than the bottom, of the corrosion pit. It was also observed that 
by the path of crack propagation existed several interior corrosion pits which may play a critical role in 
crack growth. AE signals were detected during SCC evolution and characteristics of AE events were 
associated with crack initiation and propagation. K-means clustering analysis grouped the AE events 
into three clusters. With in-situ surface observation and 3D images of cracks, hydrogen bubble 
evolution, plastic deformation around the crack tip, and the crack propagation were considered as the 
possible AE source mechanisms during the SCC. 
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1. Introduction 

Structural materials, especially stainless steels, are critical for developing and maintaining 
infrastructures. However, it can undergo stress corrosion cracking (SCC) by slow, 
environmentally induced crack initiation and propagation. The SCC process is concurrent by 
both electrochemical and mechanical phenomena that are the results of the synergistic effect 
of stress and corrosive environment on materials [1]. In many applications, corrosion pit 
serves the primary precursor to crack initiation and the general stages of SCC are therefore 
recognized as pitting corrosion, pit-to-crack transition and subsequent crack growth [2]. 
Regarding the crack initiation from corrosion pits, there still exist different arguments. 
Conventional viewpoint argues that SCC preferentially initiates at the base of a pit because 
the pit base not only serves the local stress-strain concentrator but also retains an 
aggressive environment [2-3]. Comparatively, another new perspective, based on the three 
dimensional (3D) observations with X-ray computed tomography (X-ray CT, or XCT), is put 
forward recently that cracks are not necessarily initiated at the pit base during the pit-to-crack 
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transition [4]. It suggests that cracks nucleate on the pit walls in relation to the dynamic strain 
provided by the growing pit. Subsequently, cracks grow around the pit and finally coalesce to 
form a complete through-crack. The inconsistency implies further research work is needed 
on the pit-to-crack transition during the early stage of SCC. 

On the other hand, developing in-situ methodologies is important in understanding the 
cracking mechanism and evaluation of the health condition of metallic structure and 
components. Acoustic emission (AE) is an in-situ nondestructive evaluation (NDE) method 
that bases on the detection of elastic waves generated by the fast energy release during an 
irreversible change within materials and solids. AE method holds great potential in monitoring 
the progression of materials degradation and steel corrosion [5-10]. AE method has long 
been applied to study the crack initiation and propagation during SCC. In the literature, 
different damage mechanisms during SCC, including the rupture of pit cover [10],  fracture of 
metallic ligaments [11-12], plastic deformation around the crack tip [11, 13-18], ductile 
fracture [14], hydrogen bubble evolution [10, 16-21], falling off of the surface grain [20-21], 
rupture of corrosion products [20-22], and the cracking process [11-24] have been correlated 
with AE signals. However, the interpretation of the source mechanisms in current reports was 
mainly based on speculation of AE evolution coupled with post mortem microstructural 
analysis. Therefore, an irrefutable elucidation of the source mechanisms of the detected AE 
signals requires more investigation of in-situ visualized linkage. Moreover, the SCC testing 
proposed in literature [13-14, 18] is difficult to directly correlate the detected AE signals to 
one single step of cracking evolution since multiple-pits and cracks may be initiated to 
develop at different steps when the samples were immersed in the corrosive solution. 

In order to better understand the crack initiation, we developed an experimental 
methodology to study the evolution of one single crack under a NaCl solution micro-droplet. 
Simultaneously, AE monitoring accommodated with an in-situ surface observation was 
proposed to perform with the SCC testing. XCT was also used to give a 3D morphological 
observation of the crack and corrosion pit. 

2. Experimental procedures 

2.1 SCC testing and AE measurements 

   The material used here is SUS420J2 (C: 0.32 mass%, Si: 0.45 mass%, Mn: 0.54 mass%, 
Cr: 13.39 mass%, Ni:0.09 mass%, P: 0.031 mass%, S: 0.005 mass%, Fe : bal.). Three kinds 
of samples were prepared with different heat treatment sequences as follows. (Sample A): 
600°C/1h → 800°C/1h → 1010°C/2.75h → gas cooling → 180°C/3h; (Sample B): 600°C/1h 
→ 800°C/1h → 1010°C/2h45m →gas cooling; (Sample C): 950°C/2h → gas cooling. The 
Vicker’s hardness of sample A, B, and C were HV 593, 611, and 511. Then they were 
polished to a mirror-like finish. The SCC samples were fixed in a jig with a curvature of R125 
to apply a constant strain of 0.6% to the sample surface. A micro-droplet of 1.0 mass% NaCl 
solution of 1μL was set in the center of the surface of samples placed inside a thermostatic 
bath (298K, 99-100%). The bath was capped with a transparent glass cover to accommodate 
an in-situ surface observation with a digital microscope (VHX-5000, Keyence Corp., Japan). 
Two high-sensitivity R-CAST sensor systems of 200 kHz resonant (M204A, Fuji Ceramics, 
Japan) were respectively placed 10 mm and 30 mm away from the droplet site to filter out 
the noise outside the corrosion region by source location method. A continuous acquisition 
mode named “Continuous Wave Memory” (CWM) which was developed by our group [25] 
was used to record and analyze the AE signals. The sampling rate and threshold were 5 
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MHz and 20 mV, respectively. The experimental arrangements are schematically shown in 
Fig. 1. Finally, the extracted AE data were analyzed by k-means clustering algorithm [26]. 

2.2 3D observation of crack morphology 

After testing, the SCC samples were both inspected by SEM and XCT. The SCC samples 
were polished and cut to a small size of XCT sample, schematically shown in Fig. 2(a), to 
meet the requirement of lab XCT scanning. A 3D XCT Scanner (TDM1000-IS, Yamato 
Scientific Co., Ltd., Japan) was used for scanning the internal structural information of cracks. 
The X-ray computed tomographic process is schematically shown in Fig. 2(b). The XCT 
sample was fixed on a rotational stage. A rotation step of 0.24 degree and 25 mins per full 
rotation was set for high-resolution scanning. The X-ray tube voltage was set to 100 kV and 

Fig. 1 Schematic of the AE measurements and SCC test incorporated with an in-situ digital 
microscope system. 

(a) 

(b) 

Fig. 2 (a) Schematic of the preparation of XCT sample, (b) 3D X-ray computed tomographic 
process of internal view of cracks. 
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X-ray tube current was set to 30μA~54μA in dependence of crack size. 2D-slice images were 
reconstructed using the image processing unit of the X-ray CT system. Finally, the volumetric 
image visualization and segmentation of the crack morphology were implemented using 
VoTracer software package (Riken, Japan). 

3. Results 

3.1 Surface and 3D observation of cracks 

Fig. 3 shows the surface morphologies of cracks in three samples. First, one single crack 
was initiated under the micro-droplet. Regardless of the heat-treatment exposures, the 
cracks of all samples were observed to stem from the corrosion pits. In detail, the cracks 
developed preferentially at the place next to the pit mouth on the sample surface, rather than 
the general perspective that cracks develop preferentially and coalesce at the pit base [2-3].  

Fig. 4 Reconstructed tomographic 2D slices and 3D volume rendering iamges of cracks 
morphologies of sample A, B, and C. 

Fig. 3 SEM observations of the crack morphologies of samples (a) A, (b) B, and (c) C. 
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Fig. 4 shows the reconstructed slices and volume rendering images. The internal views 
provide a direct illustration of the relative position of the crack and corrosion pit, i.e., the 
crack is next to but does not cross through the corrosion pit. This observation is close to the 
recently-proposed viewpoint that the cracks primarily attack the mouth, rather than the 
bottom, of the corrosion pits [4]. But the different point is that the crack does not finally cross 
or combine the pit, unlike the formation of through-crack after crack growth rate exceeds the 
pit growth rate [2-4]. This may elucidate a different role of corrosion pits in the crack initiation 
in high strength steels. The volume rendering images indicate that the crack morphologies 
are not continuous in spatial distribution. The discreteness may imply a competition among 
different advancing crack tips which probably depended on the local inhomogeneity of the 
heat treated material. Furthermore, several interior cavities (named here “interior pit”) were 
observed to situate by the path of the crack propagation. One is shown in Fig. 5 by the 
reconstructed tomographic 2D slices. The interior pit is apparently an included local that may 
play a critical role in the crack growth. 

3.2 AE signals and damage identification 

Fig. 6 shows the evolution of AE signals obtained during SCC process of three samples. 
According to the increase trend and amplitude distribution, the data could be divided into four 
stages. Combined with the in-situ observational SCC evolution, the four-stage AE signals are 
associated with pitting corrosion, pit-to-crack transition, small crack growth and long crack 
propagation. Such observation is consistent with the fundamental steps of overall SCC 
development [1]. In stage I, chloride ions locally destroy the passive film surface of stainless 
steel sample, exposing the bare metal to the electrolyte and allowing the activation of 
localized corrosion. Later, local acidification by the hydrolysis of dissolving metal cations 
within pit lowers the pH value and generates the hydrogen bubbling which was captured in 
this work. A sharp increase in AE events in stage III reflects the transition from pit to crack. 
Stage II is a quiescence phase for sample A and B, but sharp increase for sample C. This 
stage seems to be microstructure dependent and will be further investigated in future work. 
Stage IV with the relatively low number of AE events is corresponding with crack propagation.

Fig. 5 Reconstructed tomographic slices showing an “interior pit” along the crack path of the 
sample C. The inserted schematic indicates the planes. 
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Fig. 6 Evolution of cumulative events and amplitude of AE signals obtained during SCC evolution 
of samples A, B, and C. 

Fig. 7 Identification of AE source mechanisms during SCC from in-situ surface observation of the 
crack evolution (sample A). 
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To identify the damage mechanism for AE signals, k-means clustering algorithm was used to 
analyze the AE data. According to the similarity of AE data, three different AE clusters were 
obtained. From in-situ linkage analysis, three AE clusters were associated with hydrogen 
bubble evolution, plastic deformation and the cracking process. Fig. 7 shows the partial data 
of distribution of three AE clusters and the corresponding observation of a periodic 
coalescence phenomenon of two crack branches during crack propagation. Interestingly, 
high-amplitude signals were highly correlated with the occurrence of coalescence events of 
two branches. Therefore, the cluster 3 (red) is further attributed to the crack-branches 
coalescence. Suggestively, the plastic deformation and hydrogen bubble evolution dominate 
the detected AE signals during the crack growth. The cracking itself seems to be “silent” until 
the coalescence events occur with the concurrent high-amplitude signals. Moreover, the 
high-amplitude signals are not continuous in time series. This may be a response to the 
discrete morphologies of cracks shown in Fig. 4. 

4. Discussion 

The direct optic capture of the hydrogen bubble evolution approaching the point of crack 
initiation suggests that the hydrogen embrittlement mechanism may dominate the crack 
initiation of the high-strength steels in the present work. First, it is well known that any 
process producing hydrogen at a metal surface will induce considerable atomic hydrogen 
absorption and rapid diffusion into the metal lattice even at normal temperature [27]. The 
hydrogen diffusion phenomenon is more preferable in high-strength steels and enhanced by 
the applied tensile stress. The observed surface- and interior-pits can serve the source of 
hydrogen through the “local acidity” by hydrolysis of the dissolved metal ions [28]. Also, a 
previous report explained the SCC with hydrogen embrittlement mechanism accompanied by 
AEs in 13% Cr martensitic stainless steel exposed to 3% NaCl solution [29]. Furthermore, 
considering the observed zigzag-feature, the crack presents the intergranular type. Hydrogen 
is but one element that can segregate to grain- or interphase boundaries and its solubility in 
a metal depends on the applied tensile stress level [30]. This may account for that the cracks 
primarily attacked the pit/grain boundary interface on the sample surface, rather than the pit 
bottom. As the surface of bent sample suffered the highest stress level, which may cause the 
site near surface being the preferential crack nuclei. Furthermore, the final cracks did not 
cross through or combine with the corrosion pits, suggesting that the critical role of corrosion 
pits may be the source of hydrogen in the pit-to-crack transition in high-strength steels. 

On the other hand, the distribution of high-amplitude cracking events with the plastic 
deformation events can be explained by the Hydrogen-Enhanced Localized Plasticity (HELP) 
mechanism [31]. The cracking was followed by the generation and accumulation of 
dislocation by the combination of hydrogen atoms and stress. Therefore, the plastic 
deformation dominated the AE signals of medium amplitude until the occurrence of crack-
branches coalescence events which produced the strongest AE signals. This is consistent 
with the conclusions of previous reports [16-17] that the crack extending along the grain 
boundaries cannot generate detectable AE signals. Further work is required to give a reliable 
validation of this explanation. 

5. Conclusion 

The behavior of one single stress corrosion crack of 13Cr martensitic stainless steel was 
controlled and investigated by AE monitoring and 3D XCT observation. The crack was 
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observed to primarily originate from the mouth of a corrosion pit. The hydrogen embrittlement 
is supposed to account for the mechanism of crack initiation of SUS420J2. The corrosion pit 
may serve a critical role of providing the hydrogen in pit-to-crack transition. The evolution of 
AE signals were stage-by-stage associated with the crack initiation and propagation. By 
direct linkage with in-situ surface observations, the AE signals were attributed to the 
hydrogen bubble evolution, plastic deformation, and the coalescence events of crack-
branches. However, a valid interpretation of the AE signals requires in-situ 3D visualizations 
of the crack evolution and quantitative evaluations of the crack behavior with AE data. 
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