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ABSTRACT

A novel method is proposed in this paper to extract acoustic emission (AE) source using Helmholtz potentials approach.
In order to characterize the source in terms of potentials the underlying physics is to detect the AE signals and then
develop an inverse algorithm to characterize the source. According to the new concept, the source can be characterized it
provides the excitation potential information from the crack and that can be used to diagnose the crack (crack type and
crack growth etc.). An AE experiment was designed to measure the acoustic emissions from the fatigue crack growth. A
test specimen was made of 1 mm thick 304-steel material. A small hole (1 mm diameter) was drilled at the center of the
specimen to initiate the fatigue crack. The specimen was subjected to the cyclic loadings by using the hydraulic MTS
machine. AE waveforms are generated by convolutions of AE source functions, plate transfer functions. An inverse
algorithm was developed to characterize the source of AE signal. AE signal analysis are done to determine AE source
function using deconvolution process.
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1. INTRODUCTION

AE events in metallic or composite materials can be generated due to various phenomena like friction, plastic
deformation, crack growth event etc. Of all the causes, crack growth event is a problem of great practical importance in
metals due to the after effects it can cause towards the damage of the structure. A novel inverse algorithm for AE source
characterization from AE signals detected during a fatigue crack growth event is discussed in this paper. Piezoelectric
wafer active sensors (PWAS) were used for recording AE signals during a fatigue experiment and the signals were used
for characterizing the AE source using the theoretical formulations.

AE signals may be generated by a wide range of phenomena such as micro-cracks, friction in existing cracks,
dislocations, phase transformations, etc. The AE wave field generated by an AE event propagates in thin-wall structures
such as plates in the form of guided waves. Many researchers studied AE due to various kinds of sources. Acoustic
emission in thin plates during crack growth event was investigated in many researches [1], [2]. Acoustic emission due to
rubbing in a rotor-bearing and source localization was studied by Wang et al. [3]. Acoustic emission in composite
materials was also studied for progressive damage in a polymer-based composite [4]; clustering of AE signals obtained
from failure in carbon fiber reinforced plastic (CFRP) specimens was also studied [5]. Acoustic emission during various
fracture activities was studied to relate the fracture and AE signals [6]. McBride et al [7] investigated the relationship
between acoustic emission amplitude and size of intermetallic inclusions at the fracture face. Barile et al [8] used the
acoustic emission technique to monitor delamination in a unidirectional CFRP subjected to mode | loading. They
concluded that it is possible to follow delamination effects in CFRP through proper monitoring of variation of the AE
features. Various studies on acoustic energy harvesting was reported in the literatures [9]-[11].

Many researchers have done numerical and theoretical modeling and simulation of AE signals. Some of the studies
performed numerical modeling of AE signals using Lamb waves [12], [13]. Finite element modeling and simulation of
AE forward problem was performed [14]-[17]. Monopole or dipole definition of AE sources was used for modeling AE
sources in several studies [12], [13], [18]. Definition of AE source by considering the AE source as a self-equilibrating
seismic moment tensor was studied, and analytical formulations were developed for half-space and bulk medium in
many pieces of research [19] [20]. In a recent study of AE guided wave propagation in a plate [21-23], the AE source
was modeled as Helmholtz excitation potentials.
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2. THEORY

When a crack grows in a solid material, a region of material adjacent to the free surfaces is unloaded, and its strain
energy released. The strain energy release rate is the energy that must be supplied to a crack tip for it to grow and it must
be balanced by the amount of energy dissipated due to the formation of new surfaces and other dissipative processes
such as plasticity. The strain energy released from a crack can be correlated with the excitation potentials.
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Figure 1. Plate of thickness 2d in which straight crested Lamb waves (P+SV) propagate in the x direction due to
concentrated potentials.

Figure 1 shows the plate of thickness 2d in which straight crested Lamb waves (P+SV) propagate in the x direction due
to concentrated potentials at d; distance from the top.

Navier-Lame equations in the absence of excitation force in vector form for Cartesian coordinates given as
(A+ )V (V-0)+ V2 = pli 1)

A

where, l]=uxf+uyj+uzk, with f, ] K being unit vectors in the X, Yy, Z directions respectively. If the
excitation force is present, then the Navier-Lame equation can be written as follow

(A+@)V(V-0)+uv2i+pf = pli @)
Assume that the displacement U can be expressed in terms of two potential functions, a scalar potential @ and a vector
potential I:I , Where
H=H,i+H,j+Hk ®)
i =grad ®+curl H=V®+VxH 4)
This equation is known as the Helmholtz equation, and is complemented by the uniqueness condition
V-H=0 5)
Introducing additional scalar and vector potentials A" and B for body force f
f =grad A"+curl B =VA" +V xB" 6)
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Using the Equation (4) and (6), components of equation (2) can be written as,
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Where, A and BZ are the modified pressure excitation potential and shear excitation potential respectively. Equation
(16) and (17) become
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The in-plane strain solution of Equations (18) and (19) can be written using similar formulation presented in ref [22]



- [ps Nip, ﬂ} 0)
DS DA

=—&2(&* —n?)cosn dsinn.d + 2iE*n n, sinn d cosn,d

(21)
AT _52 (2577577;) sin 775d sin 77pd) - |§775 (52 - 7732) sin 77pd sin 775d
Ae*i'ipyo ~ir15Yo
P, =(&* —n2) ———sinn,d, + 2&n, —-——cosn,d, (22)
2 . 27,
~ipYo B =in5Yo
P, =2&n, ———cosn, d, + (&2 —1; ’)————sin n.d, (23)
2n, 21,

Here Psand P, are the source terms for symmetric and antisymmetric Lamb wave modes respectively.

The complete solution of displacement is the superposition of the symmetric, antisymmetric solution (bulk wave solution
is not considered here). Displacement solution in the physical domain is obtained by taking inverse Fourier transform of
Equation (20)
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As we can see from equations (22) and (23), for top surface source (d1 =0) the sources are decoupled. Therefore, the

pressure excitation potential only contributes the A0 Lamb wave mode and shear excitation potentials contributes to only
shear excitation potentials.

(24)

3. EXPERIMENTAL METHODS

An in situ AE measurement experiment was performed in a steel specimen during a fatigue crack growth experiment.
Steel 304 specimen, a commonly used material for nuclear applications was chosen for manufacturing the test
specimens. From a large Steel-304 plate, coupons of dimensions 103 mm width, 305 mm length and 1 mm thickness
were manufactured by using a vertical metal cutting band saw. The dimensions of the specimen is larger than the
conventional MTS fatigue specimen, which are narrower than the present dimension. The wider geometry of the
specimen will cause the acoustic waves generating from the crack to travel more distance to the edges. This will cause
the signals to die out after reflection from the boundaries due to geometric spreading and material damping before
reaching the sensors. The material properties of the specimen material were 200 GPa modulus of elasticity, 8000
kg/m3density, and 0.29 Poisson’s ratio.

The experiment for capturing AE due to fatigue crack growth was performed in two stages. In stage 1 a fatigue crack in
the specimen was generated by fatigue cyclic loading. The first step in stage one was drilling a circular hole at the
geometric center of the specimen. Circular hole at the geometric center of the specimen would cause stress intensity at
the edges of the hole during the fatigue loading. This stress intensity would cause generation of fatigue crack at the edges
of the hole during fatigue loading. The specimen was mounted on the hydraulic MTS machine and the MTS grips were
used to hold the specimen tightly. For the pre crack generation fatigue loading from 30 kN to 3.3 kN at a frequency of 4
Hz was applied. This fatigue loading was applied on the specimen until a tip to tip crack of 6 mm was generated.



Figure 2. Specimen mounted on the MTS machine for fatigue pre-crack generation
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Figure 3. Specimen used for AE signal measurement. Specimen was manufactured of steel 304 material, 103 mm width and
305 mm length

After the generation of the pre-crack (Figure 2), stage 2 of the experiment was performed. During this stage the sensor
installation and AE signal capture during the fatigue experiment using the sensors and AE system were performed. After
the crack was generated the specimen was taken out of MTS machine and the PWAS sensors were installed on the
specimen by using M-Bond 200 adhesive. The sensors were installed in a diamond configuration as represented in
Figure 3. This diamond configuration was chosen to observe the angular variation of the AE signals, and to understand
in which direction the AE signals are propagating the strongest. The fatigue loading was varied between 18 kN and 1.8
kN (corresponding to 80 % and 8 % of the yield strength of the material) with a loading rate of 0.5 Hz. The AE signals
sensed by PWAS were recorded using Mistras AE system. AE signals recorded were post-processed and analyzed.

The experimental set up for capturing AE signal from a fatigue crack growth event is presented in Figure 4. AE signals
during crack growth event was captured by four PWAS network installed at a distance 40 mm from the hole as shown in
Figure 3. Test specimen installed with PWAS transducer is mounted on MTS machine. The PWAS transducer was
connected to acoustic pre- amplifier. The acoustic preamplifier is a band pass filter which filter out signals between 30 to
700 kHz. The pre-amplifier is then connected to 4 channel Mistras AE system for processing the signals.



Figure 4. Experimental set up for capturing fatigue AE signals
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4. RESULTS AND DISCUSSION

Figure 5 shows the four different AE signals from PWAS 4 during fatigue crack growth. It can be observed from the
figure that the time of flight of the signals is around 17 ps.
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Figure 5. Four different AE signals collected at PWAS 4 during the fatigue crack growth experiment (amplitude is in mV)
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Figure 6. STFT of four AE signals captured. STFT is super-imposed with the time-frequency curves of SO, A0 and SHO
modes.

The qualitative change in the signal can be observed due to the change in the frequency contents. Figure 6 shows the
time-frequency analysis of these signals. The short time Fourier transform (STFT) signal is super-imposed with the time-
frequency curves of SO, A0 and SHO modes. This superimposition can identify which wave packet correspond to which
Lamb wave mode. It can be illustrated from the figures that there is a slight difference in the frequency contents of the
signal. The major frequency contents are in between 30 kHz to 300 kHz. As it can be observed from Figure 6 that the
dominant mode is the A0 Lamb wave mode for all of the AE signals. According to equations (22) and (23), top surface

source (d; =0) decoupled the Lamb wave modes due to excitation potentials. The pressure excitation potential only
contributes the A0 Lamb wave mode and shear excitation potentials contributes to only shear excitation potentials. For 1
mm thick plate the AE source can be assumed as a top surface source. As the AE signal mainly contains A0 mode

therefore, the A0 mode should be generated due to pressure potential excitation. An inverse algorithm can be used to
find the pressure potential source from the A0 components of the AE guided wave signal from the crack. Figure 7 shows



the inverse algorithm to solve source potential from the received AE signals. In numerical analysis STFT was done on
the time domain AE signals to get the separated Lamb wave modes. Then, frequency contents of the AE signal are
divided by plate transfer function to get the source term. Then the excitation signals are calculated in frequency domain.
Finally, an inverse Fourier transform was done to get the time domain excitation signals from frequency response
excitation signals.

Figure 8 shows the de-convoluted time domain excitation signal. As we can see from the figure the time of rise of the
four signals are 4.25 ps, 4.63 us, 4.87 ps and 4.26 ps respectively. The values are very close to each other and confirm
that the sources are from the fatigue crack growth. The short rise time of the excitation source refer to a wide band of
frequency components.
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Figure 7. Step by step procedure based on analytical formulations to reconstruct the Helmholtz AE source corresponding to
the AE signal
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Figure 8. Helmholtz AE source definition corresponding to the AE signals recorded from fatigue experiment



5. SUMMARY, CONCLUSIONS AND FUTURE WORK
5.1 Summary and conclusions

AE source potentials produce the guided wave in the plate. An experiment was designed to extract physical AE signals
from a fatigue crack growth. A time-frequency analysis of time domain signal was done to analyze the frequency
content and to separate the Lamb wave modes of the captured AE signals. Frequency contents helped to distinguish
different source types. An inverse algorithm was then be developed to characterize the AE source during crack
propagation. The rise time was found to be equal for all of the AE signals. Therefore, it can conclude that the AE source
are generated from a common source which is a crack tip during crack propagation. The source characterization can
provide information about excitation potential released from the crack. Therefore, it may help to generate a qualitative as
well quantitative description of the crack propagation phenomenon. This research could help to develop numerical
methodology for processing factual data about the amplitude and time-evolution of the AE source potentials. A further
extensive study on the effect of plate thickness, AE rise time, and AE source depth would be recommended.

5.2 Future work

A further experimental study on the effect of plate thickness, and AE source depth would be recommended. A
correlation between AE source rise time and crack growth rate need to be established.
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