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The problem of stress corrosion cracking (SCC), which causes sudden failure of metals
subjected to stress in a high-temperature, high-pressure water environment, is studied. Acoustic
emission (AE) monitoring is a promising method for detecting the initiation and propagation
of SCC. In this study, pencil-lead breaks are used as AE signal sources to first validate the
parameters for the verification of the finite element modeling of microcracking. Then, a simplified
fracture propagation model of low-carbon nitrogen-enhanced (316LN) stainless steel is established
on the basis of moment tensor theory. Finally, the inner connection between the energy release
rate of the AE source and the morphological aspect of crack formation is analyzed. The results
of modal analysis show that the amount of energy released by the growing crack is linearly
proportional to crack depth. Moreover, their frequency characteristics are almost unchanged from
the results of analysis by fast Fourier transform. Therefore, SCC initiation and propagation in
316LN stainless steel can be evaluated by this detection method. Moreover, this analysis method
based on the energy release rate of the AE source can also be extended to almost all solid materials
and structural crack detection.

1. Introduction

In the industrial production field, such as the power generation, petrochemical, and steel
industries, a large number of pipelines and pressure vessels are constructed using austenitic
stainless steel. In particular, low-carbon nitrogen-enhanced (316LN) stainless steel has been
widely used because of its excellent corrosion resistance and good mechanical processing
performance.! However, stress corrosion cracking (SCC), pitting corrosion, corrosion fatigue,
intergranular corrosion, and crevice corrosion, and all such phenomena are serious threats to
production.®~® Numerous investigations show that austenitic stainless steel is more sensitive to
SCC in a high-temperature, high-pressure water environment.!”> SCC is a cracking phenomenon
of metal or alloy under the integrated effect of the media environment and tensile stress. For the
past few years, many corrosion detection techniques based on the physical mechanical principle
and electrochemical principle have been applied to corrosion protection in industry. Acoustic
emission (AE) technologies, electrochemical noise (EN) technologies, guided wave ultrasonic
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testing (GUT) technologies, and their combinations are the areas of greatest concern in SCC
testing in the latest research.!'™'> EN technologies have rapidly developed since they can enable
the detection of various forms of corrosion, do not cause state changes in metallic materials during
the corrosion process, and are amenable to continuous on-line monitoring.'*"'® However, the lack
of electrochemical kinetic information and unified evaluation criteria, and the inconsistency of
results obtained by different signal processing methods make them unreliable. GUT technologies
also are susceptible to high-temperature, high-pressure, and strong-radiation environments. AE
technologies are extensively applied in health monitoring as a kind of dynamic nondestructive
testing.1%1°2) Many research results show that there is a very close relationship between AE

phenomena and material fracture.?>27)

Therefore, AE monitoring has the potential to achieve
remote real-time monitoring of the initiation and propagation of SCC.

AE phenomena refers to elastic wave phenomena in materials and structures produced by
stress or fracture due to the rapid release of energy. The causes of AE sources are varied, such as
dislocation movement, plastic deformation, and crack initiation and propagation.?® The ratio of
AE signals generated by crack initiation to AE signals generated by single dislocation slip is at least
100. Theoretical calculations show that energy of crack propagation is 100 to 1000 times greater
than that of crack initiation. Thus, the strength of AE signals generated by crack propagation is
greater than crack initiation.?®) Because the strength of AE signals generated by crack propagation
is greater than that of signals generated by dislocation movement, plastic deformation, and crack
initiation, the AE signal of crack propagation is most easily detected. With advantages such as
sensitivity to geometry, integrity, and sensitivity to dynamic defects, AE monitoring techniques
have been applied to monitor different types of corrosion.**=? However, most of the research is
focused on the characteristics of AE sources. To the best of our knowledge, no papers or reports
on the specific relationship between crack propagation and AE signals have been published. In
this study, cracks of various depths produced by stress corrosion cracking of 316LN stainless steel
are identified by the energy release rates of AE sources. On the basis of the moment tensor theory
in quantitative seismology, a mechanical model of AE source with extending crack depth has been
formulated. The nonlinear finite element method (FEM) is used to obtain the AE signal data of the
formation of cracks of various depths. In the process, the selection of the calculation parameters
is fully discussed in order to ensure the accuracy of simulated results. Furthermore, pencil-
lead breaks (PLBs) are used as AE signal sources to validate the parameters for the verification
of the FEM modeling of microcracking. The PLB is a reproducible artificial AE source that is
usually used to observe a microscopic displacement of the surface and causes an acoustic wave
that propagates into the structure at the moment of material breakage. Here, the accuracy of a
mechanical model of the AE source is verified by comparison between simulated and experimental
results. Then, the FEM model of the crack produced in 316LN stainless steel is established, and the
energy release rates of AE sources formed by SCC are analyzed. The energy release rates of AE
sources are obtained under different crack depths. The results of modal analysis show that energy
released by the growing crack is linearly proportional to crack depth. Therefore, the morphological
aspects of crack formation can be determined from the amount of released energy. Moreover, their
frequency characteristics are almost unchanged from the results of fast Fourier transform (FFT).
This finding is very important in bandwidth selection and sensor selection. Therefore, this type of
AE monitoring technique has the potential to achieve remote real-time monitoring of the initiation
and propagation of SCC.
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2. Model of AE Source

AE generating mechanisms are associated with crack motions of kinetics and kinematics.
The common characteristic of AE sources of crack initiation and propagation, crystalline phase
dislocation, and fracture is the emergence of discontinuous displacement in the material. AE
elastic waves produced by discontinuous displacement have a certain similarity to seismic waves
produced by fault movements in an earthquake. Therefore, some mature theories in quantitative
seismology can be adapted to the research of AE. Moment tensor theory provides a general
mathematical representation of a point source that can be used to express fault motion in a
microseismic source.'” Therefore, moment tensor theory can be cited to construct a mechanical
model of a crack propagation AE source.

Generally, displacement u,(x, f) of a point in a continuous elastomer whose surface is defined
as X and volume is defined as v is caused by the integrated action of body force £, traction force
7, and discontinuous displacement u. The function u,(x, ?) is the displacement at time ¢ of a point
localized at x in a continuous elastomer, is described by
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where m,, is the moment density tensor expressed as

Mpg(&, 7) = [i(E, DcijpgE)vi(d). @

In the above formulas, 0G,,(x, t — 7; &, 0)/0¢, can be considered to be an equivalent couple acting
on the surface dX($). Its strength is m,y(E, 7), ui(, 7) is the discontinuous displacement in the i
direction of surface ¢ at time 7, ¢;j4 is the elastic constant of surface &, and v;($) is the j direction
component of the surface normal unit vector.

However, the difficulty of solving 0G,,(x, t — 7; &, 0)/0, by the theoretical method makes the
calculation of the displacement time history u,(x, #) directly using Egs. (1) and (2) impossible. If
we construct a FEM model of a discontinuous displacement AE source, the displacement time
history u,(x, £) can be obtained, avoiding the calculation of 0G,,(x, t — 7; &, 0)/0&,. From Eq. (1),
the transient displacement produced by discontinuous displacement d, of the microsurface is
equivalent to the transient displacement produced by three pairs of couples mdX, m,,dX, and
m;d% loaded on the microsurface dx0. Uniformly distribute three pairs of couples on the six
microsurfaces of the microcrack unit dxdydz.

My dX
Fy,= —= =142
7 dydzdx H
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dx
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Here, 4 and x4 are Lamé constants. Thus, a mechanical model of a discontinuous displacement
AE source is constructed to help solve the transient displacement produced by discontinuous
displacement dx in an object by FEM.
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3. Experiment and Simulation of PLB

In this section, the mechanical model of the AE source is validated by using the PLB as a
reproducible artificial AE source. The experiment setup and FEM model are shown in Fig. 1.
According to the velocities of the longitudinal and shear waves, to avoid reflection, a large plate
of 316LN stainless steel of 50 x 50 x 0.8 cm® is used in the experiment, and a two-dimensional
FEM model of 50 x 0.8 cm? is used in the simulation. The material properties of 316LN stainless
steel are shown in Table 1. An amplitude of 2.25 N, which is in good agreement with that
produced by the fracture of a 0.5-mm-diameter 2H pencil lead, is used. The piezoelectric sensor
is manufactured by PengXiang Technology (Changsha, China) which has a resonance frequency of
300 kHz. It has a very high sensitivity and frequency response over the range of 80—400 kHz.

As shown in Fig. 2, FEM simulation and the experimental method are both used to analyze
the AE signals of PLBs on a 316LN stainless-steel plate. The time-frequency analysis of AE
signals is carried out by wavelet transform (WT) and its result is compared with the theoretical
time-frequency distribution. The time-frequency distribution of PLB signals simulated by FEM
is highly consistent with the theoretical one, which shows that the WT analysis of AE signals is
effective and accurate and verifies the feasibility of FEM simulation on the propagation of PLB
signals in the plate.
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Fig. 1. (Color online) Experiment and simulation. (a) Test system, (b) photograph of experiment setup, (¢) FEM
model, and (d) example of simulation result.

Table 1

Material properties of 316LN austenitic stainless-steel plate.

Young’s modulus 2.0x10°  Longitudinal waves (mm/ps) 5.801
Density (kg/m?) 8.0 x 10> Shear wave (mm/ps) 3.100

Poisson’s ratio 0.3 Yield stress (MPa) 205
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Fig. 2. (Color online) Results from experiments and simulations. (a) AE signal from sensor, (b) AE signal by

FEM simulation, (c) time—frequency distribution of AE experimental signal, and (d) time—frequency distribution of
AE simulation signal.

4. Simulation of SCC

In this section, AE signals generated by crack propagation in 316LN stainless steel at different
crack depths have been studied. The FEM model of the AE signal in a 316LN stainless-steel plate
is shown in Fig. 3(a). If we assume that the crack propagation in a unit plate width is uniform, the
three-dimensional problem can be simplified to a two-dimensional plane strain problem. A square
plate geometry was modeled with a length 10 mm along the x direction and a thickness of 10 mm
along the y direction. The source (A) was positioned at x = 5 mm, y = 10 mm on the surface of
the plate. A receiver (M) was positioned at x =5 mm, y = 5 mm in the 1/2 plate thickness. Three
edges, excepting the bottom, are infinite elements to eliminate wave reflection. Figures 3(b)—3(d)
show the AE wave-spreading process on the surface of the 316LN stainless-steel plate. The
propagation time is consistent with the theoretical value of 0.69 ps, and the reflective energy is
relatively weak.

Next, the energy release rates and the patterns of AE source are verified by comparison. When
the crack depth of the plate is extended from 0.2 to 0.8 mm in 0.2 mm intervals, AE signals are
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Fig. 3. (Color online) FEM simulation of SCC in 316LN stainless-steel plate. (a) FEM model, (b) AE wave
transmission at £ = 0.5 ns, (c) AE wave transmission at £ = 300 ns, and (d) elastic wave transmission at = 1610 ns.

detected by the receiver (M), as shown in Fig. 4(a), and processed with a 20 kHz high-pass filter,
as shown in Fig. 4(b). Because of the increasing amplitude of the low-order mode at longer times,
which corresponds to lower frequency arrivals, the AE signals are not apparent. In Fig. 4(a), the
AE signals from the receiver (M) at crack depths of 0.2, 0.4, 0.6, and 0.8 mm are compared over
a full 10 ps time scale. It can be seen that the arrival time of waves is about 0.7 ps, which is in
good agreement with the theoretical arrival time of 0.69 s calculated using the longitudinal wave
velocity. The amplitude of the AE signal increases with the expansion of the crack depth. In Fig.
4(b), the AE signals filtered through a 20 kHz high-pass filter are compared and found to be in
good agreement with the experimental signal obtained by Prosser et al.®®

Finally, AE signals are processed by FFT to obtain frequency spectra, as shown in Fig. 5(a).
The variety law of signal frequency spectra under different crack lengths is compared. It can be
observed that the frequency characteristics of AE signals are almost unchanged from the results of
FFT analysis, and the energy is concentrated between 0—-1000 kHz. In Fig. 5(b), the correlation of
released energy and crack depth under different peak frequencies is plotted. The results of modal
analysis show that the energy released by the growing crack is linearly proportional to crack depth.
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Fig. 4. (Color online) AE signals released by crack propagation in 316LN stainless steel at different crack depths.
(a) AE signals detected by the receiver (M) at crack depths of 0.2, 0.4, 0.6, and 0.8 mm. (b) AE signals filtered
through a 20 kHz high-pass filter.
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Fig. 5. (Color online) Spectral analysis of AE signals. (a) AE frequency spectra obtained by FFT of AE signals
detected by the receiver (M) at crack depths of 0.2, 0.4, 0.6, and 0.8 mm. (b) Correlation between energy released
and crack depth under different peak frequencies.

5. Conclusions

In this study, AE signals generated by crack propagation at different crack depths in 316LN
stainless steel were simulated. The energy released from the growing crack was linearly
proportional to crack depth. The obtained trend regulation of the energy release rate of the
AE source can be used to identify the AE source characteristic. Therefore, SCC initiation and
propagation in 316LN stainless steel can be evaluated by this detection method. Furthermore,
the appropriate AE sensors and detection systems have the potential to enable remote real-time
monitoring of the initiation and propagation of SCC. In this study, the groove cracks based on
the established model were analyzed. Complex cracks such as branch cracks will be evaluated in
future work.
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