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1 ABSTRACT 

Crack rubbing or clapping in metallic structures generates acoustic emission (AE) signals. Such 

AE signals need to be distinguished from AE signal due to fatigue crack growth event. AE signal 

due to crack rubbing or clapping of fatigue generated crack was studied for a plate specimen. 20 

mm fatigue crack was generated in a 1 mm thick aluminum plate specimen. Vibration-induced 

excitation was performed on the specimen to induce crack faying surface-motion for AE signal 

generation. Various specimen resonances have different crack faying surface motions, which were 

studied from FEM analysis. Modeshapes and crack faying surface motions of the specimen are 

studied at 35 Hz and 180 Hz specimen resonances. AE signals at various specimen resonances 

were recorded by piezoelectric wafer active sensors (PWAS) and the recorded waveforms are 

analyzed to obtain AE signatures. At various specimen resonances, AE signals have different 

signatures due to the change in crack faying surface motions. AE recording was done by using 

multiple PWAS sensors placed at various distances from the crack. The difference in AE signals 

close to crack and distant from crack as well as the geometric spreading of AE signals originating 

due to crack rubbing was studied from multi-sensor experiments. 

2 INTRODUCTION 

For mechanical components that are frequently subjected to variable loading, fatigue cracking is a 

common problem. There are several theories developed over the years on fatigue as well as static 

crack growth problem. Theoretical and experimental developments on crack growth rate, stress 

intensity factor, plastic zones during crack growth and strain as well as stress field measurements 

around the crack region during crack growth were well explored, and much research is happening 

nowadays on these topics. Acoustic emission technique was widely used for damage detection and 

source localization. The vibration of mechanical components can induce rubbing and clapping of 

crack faying surfaces and thus can potentially cause an acoustic emission source. This paper aims 

at the study of piezoelectric wafer active sensors for detection of vibration induced crack rubbing 

and clapping acoustic emission signals.  

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 
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mode I 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[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], the AE source was modeled as Helmholtz excitation potentials. 

Even though AE due to various phenomena was reported, not many research works were 

conducted on AE due to rubbing and clapping of crack faying surfaces of thin sheet metals. It is a 

problem of practical interest since it is important to distinguish between AE due to crack rubbing 

and crack growth during fatigue crack growth event. This paper presents the detection of AE 

signals due to rubbing and clapping of thin metallic sheet metal samples 

The organization of this paper is as follows. First, this paper discusses the experimental methods 

used for generation of AE signals due to rubbing and clapping of crack faying surfaces. In this 

section, the manufacturing of the cracked specimen and experimental set-up for inducing crack 

faying surface motion on the specimen through the vibration of the specimen is discussed. Then, 

finite element modal analysis of the cracked specimen undergoing vibration excitation is 

presented. The resonant frequencies of the specimen, modeshapes and crack faying surface 

motions of the crack in the specimen during resonances are discussed. Next, the results of AE 

signals due to vibration-induced crack rubbing and clapping of the fatigue cracked specimen was 

presented. Finally, this paper ends with summary, conclusions and future work.  

3 EXPERIMENTAL METHODS 

3.1 SPECIMEN PREPARATION AND EXPERIMENTAL SETUP 

Aluminum 2024-T3 specimen was chosen for manufacturing the test specimen material. The 

material properties of the specimen were 73 GPa modulus of elasticity, 2767 kg/m3density, and 

0.33 poisons ratio. The aluminum specimen manufactured was 103 mm width and 305 mm length 

and 1 mm thickness in dimensions. 1 mm hole was drilled at the geometric center of the specimen 

for initiating fatigue crack. The hole would cause stress concentration at the edges of the hole, and 

the crack initiation would happen at the hole. Fatigue loading was applied on the specimen to 

generate the pre-crack. For the pre-crack generation fatigue loading from 22 kN to 2.2 kN at a 

frequency of 4 Hz was applied. Crack initiation started approximately 40,600 cycles. Crack grew 

20 mm in 400 cycles. After generating the crack in the specimen, four PWAS sensors were bonded 

on the specimen. One PWAS was bonded very close to the crack at a distance of 6 mm from the 

crack. This PWAS has bonded such a close distance so that it can pick up even the weak AE signals 

originating from the crack. Two other PWAS were bonded at 25 mm distance from the crack in 

opposite directions, and another PWAS was bonded at 50 mm from the crack. The PWAS bonding 

configuration and the time of arrival and amplitude of the signals reaching these PWAS would 

confirm the AE signal source and geometric spreading of the AE signals. 
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Figure 1 Experimental set up for fatigue crack growth. Cyclic fatigue loading was applied 
on the specimen by mounting the specimen on MTS machine. 

The experimental setup for generating crack rubbing and clapping in the specimen is presented in 

Figure 2. For AE generation due to crack rubbing, the fatigue crack grew plate specimen was 

mounted on a shaker. Continuous sinusoidal excitation was given to the specimen at various 

frequencies through the shaker. The vibration of the specimen causes the faying surfaces of the 

crack to rub/clap each other. This rubbing and clapping produce acoustic emission signals. 

 

Figure 2 Experimental set up for capturing vibration AE signals 

Function generator B&K power amplifier 

Shaker attached with 

sheet metal sample 

Acoustic preamplifier 

Mistras AE system 
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For the generation of continuous vibration, a function generator was used. For obtaining sufficient 

voltage of excitation, the signal is amplified using a power amplifier. The amplified sinusoidal 

signals are fed to a vibration exciter. 

The shaker vibrates the plate in out of plane direction causing rubbing/clapping of crack faying 

surfaces and generation of AE signal due to the rubbing/clapping. The PWAS installed on the 

specimen sensed AE hits. Four identical preamplifiers with a built-in bandpass filter (30- 700 kHz) 

were connected to the sensors. The preamplifier is connected to Mistras AE system. A sampling 

frequency of 10 MHz was chosen to capture any high-frequency AE signals. AE hits at plate 

resonance were captured and analyzed. At plate resonances, the possibility of crack rubbing, as 

well as the threshold of AE signals, are higher, which makes it suitable for AE signal collection 

and analysis. 

4 FEM ANALYSIS RESULTS 

The relative motion of the crack-induced rubbing of the crack faying surfaces. At different 

frequencies, the crack faying surface motion depends on the mode shape of the specimen at that 

frequency. To understand the specimen resonances, mode shapes and crack faying surface 

motions, finite element (FE) analysis of specimen mounted on the shaker was performed. ANSYS 

software was used for the analysis. 

 

Figure 3 The specimen and boundary conditions given for performing modal analysis of 
specimen attached to shaker. Fixed boundary conditions are given at the 
support hole corresponding to the vibration shaker support. 

The geometry of the cracked specimen was modeled using the ANSYS software. ANSYS mesh 

tool was used to mesh the geometry. Shell 63 element was chosen as the element type. Shell 63 

element in ANSYS 17 has both bending and membrane capabilities. Both in-plane and normal 

loads are permitted. The element has six degrees of freedom at each node: translation in the nodal 
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x, y, and z directions and rotations about the nodal x, y, and z axes. For large deflection analyses, 

a consistent tangent stiffness matrix option is available. The material properties of the element 

were chosen as the material properties of aluminum 2024-T3 (73 GPa modulus of elasticity, 2767 

kg/m3density, and 0.33 poisons ratio). The specimen is fixed tightly to the shaker using bolted joint 

at the support hole. Hence the specimen support hole has a fixed boundary condition. For the FEM 

analysis, a fixed boundary condition was given at the support hole by arresting all 6 degrees of 

freedom of the nodes. The specimen modeled using ANSYS with the boundary conditions is 

shown in Figure 3. 

Modal analysis of the specimen was performed by using the ANSYS 17 software. The result was 

post-processed to obtain resonance frequencies and corresponding mode shapes of the specimen. 

Each resonance frequency has different modeshape corresponding to it. The number of nodes and 

anti-nodes in the modeshapes increases at higher resonant frequencies. The position of nodes and 

anti-nodes also changes for different resonant frequencies. For high amplitude acoustic emission 

signal generation, the modeshape motion near the crack location is very important. If the 

modeshape motion near the crack location is favorable for an active crack faying surface motion, 

stronger AE signals would be generated. 

The resonance frequencies of the priestine and the cracked specimen are presented in Table 1. For 

specimen with crack case the resonance frequency is slightly less than for specimen without the 

crack case. This change is due to the reduction in the stiffness of the specimen due to the presence 

of the crack. 

Table 1 Resonances of the specimen attached to vibration applicator from FEM modal 
analysis. A slight change in resonance due to the presence of crack can be 
observed. 

 Frequency (Hz) 

 No crack 

(Hz) 
Crack at 6 mm 

 (Hz) 
1 30.3 28.2 

2 38.1 37.8 

3 95.6 93.1 

4 112.3 112.3 

5 193.5 188.4 

Two different specimen frequencies were chosen for generating AE signals by inducing crack 

faying surface motions on the specimen, 35 Hz and 188 Hz. The modeshape of the specimen and 

crack faying surface motions at 35 Hz, and 188 Hz are presented in Figure 4. At 35 Hz the plate 

modeshape has a maximum displacement at the geometric center of the specimen and minimum 

displacements at ends of the specimen. Hence the modeshape have one node and two anti-nodes 

as we observe. The crack faying surface motion at 35 Hz is presented in Figure 4b. We observe 

there is a crack faying surface motion at the crack due to the modeshape deformation near the 

crack. The modeshape of the specimen at 180 Hz resonance is presented Figure 4c. At 180 Hz 

resonance, the specimen has a maximum displacement at the upper edge of the specimen and 
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minimum displacement at the lower edge of the specimen. Hence there are two nodes and two 

antinodes at this frequency of vibration of the specimen. The specimen has more nodes and 

antinodes compared to vibration at 35 Hz. The crack faying surface motion at 180 Hz resonance 

is also presented in Figure 4d. We observe a different topology of the crack faying surface motion 

at 180 Hz vibration of the specimen compared to 35 Hz vibration. 

 

Figure 4 Mode shapes and crack faying surface motions of specimen under investigation 
at various resonance frequencies of specimen attached to shaker a) 
Modeshape of specimen at 35 Hz resonance b) Crack faying surface motion 
at 35 Hz resonance c) Modeshape of specimen at 188 Hz resonance b) Crack 
faying surface motion at 188 Hz resonance 

5 EXPERIMENTAL RESULTS AND DISCUSSION 

5.1.1 AE source localization 

A confirmation of AE signals were originating from the crack is performed by AE source 

localization using multiple PWAS sensors. The time of arrival at various PWAS, as well as the 

amplitude of the AE signals, were analyzed for the confirmation. Four PWAS receivers were 

installed on the specimen numbered PWAS 1, PWAS 2, PWAS 3 and PWAS 4 respectively. 

PWAS 2 is the closest to the crack, at a distance of 5 mm. PWAS 1 and PWAS 3 are at a distance 

of 25 mm from the crack. PWAS 4 is located at a distance of 50 mm from the crack. The specimen 

was vibrated at a frequency 35 Hz for the source localization analysis. A particular AE event 

originating from the crack and reaching various PWAS receivers was identified from the time of 

arrivals obtained from the AE system and is presented in Table 2. Since PWAS 2 is the closest to 

the crack, the highest amplitude of 41 mV was observed at PWAS 2 among amplitudes at all 

a 

b 

c 

d 
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PWAS. Due to geometric spreading signal reaching PWAS 3, which is at a distance 25 mm from 

the crack has only 12 mV amplitude. PWAS 1 and 3 are of similar distance from the crack, but 

signal reaching PWAS 1 is 8 mV amplitude, less than the signal amplitude at PWAS 3. The AE 

signals traveling from crack to PWAS 1 undergo scattering at the vibration exciter attached to the 

specimen. Because of the scattering of AE signals at the vibration exciter, a lower amplitude of 

AE signal was observed at PWAS 1 in comparison with PWAS 3 even though the sensors are at 

the same distance from the crack. The relative time of arrival and amplitudes of AE signals 

obtained from Mistras AE system is presented in Table 2. The observed relative amplitude of AE 

signals at various PWAS, time of arrival, and sequence of arrival are possible only if the origin of 

the AE signal is at the crack. This analysis confirms that the AE signals are originating from the 

crack. 

Table 2 Time of arrival and sequence of arrival of AE signals at various PWAS. PWAS 1 
is the closest to the crack; hence AE signals arrive first at PWAS 1. PWAS 2 
and PWAS 3 are equidistant from the crack. Hence AE signals arrive 
approximately same time. This analysis confirms that AE signals are 
originating from the crack. 

 Time of arrival (Relative) Sequence of arrival 

PWAS 1 82 3 

PWAS 2 66 1 

PWAS 3 78 2 

 

5.1.2 AE signal signature at 35 Hz resonance 

As we have discussed in section 0, the resonant frequencies of specimen vibration are appropriate 

for the generation of strong displacements of the specimens. This strong displacement causes 

strong crack faying surface motions which can generate strong AE signal. We observe strong AE 

signal generation at 35 Hz frequency of vibration of the specimen. Vibration excitation was given 

to the specimen at 35 Hz by using a shaker, and the vibration induces the crack faying surface 

rubbing and clapping. The induced rubbing and clapping of the crack faying surfaces cause the 

excitation and propagation of AE signals in the specimen. The signals collected and the correlation 

of AE signals was presented in Figure 5. The AE signal signature is observed to be wideband. 

Peaks in the frequency spectrum were observed at 100 kHz. At frequency spectrum between 300- 

400 kHz, a peak in the frequency spectrum by gradual increment and decrement was also observed. 

The differences in signals are due to the uncertainty in AE source characteristic at the crack faying 

surfaces corresponding to various events. The minor difference in AE signal infers that, even 

though there is uncertainty in AE source characteristic which generates the AE signals, the source 

characteristics are within a tolerance limit. 
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Figure 5 AE sample signals measured due to rubbing and clapping of crack faying 
surfaces of specimen at 35 Hz vibration a) sample signal 1 b) sample signal 2 

5.1.3 AE signal signature at 180 Hz resonance 

To study the effect of the frequency of vibration of the specimen on the AE signal, another 

frequency of vibration of the specimen was also considered. AE signals received by PWAS when 

the plate is vibrated at 180 Hz frequency is presented in Figure 6. We observe that the frequency 

spectrum of the AE signals is wideband frequency spectra. At 180 Hz vibration of the specimen 

also a peak frequency approximately at 100 kHz was observed, and a gradual increase and decrease 

of frequency spectrum between 300- 400 kHz was also observed. AE signals were observed to 

have a similar signature. 

 

Figure 6 AE sample signals measured due to rubbing and clapping of crack faying 
surfaces of specimen at 180 Hz vibration a) sample signal 1 b) sample signal 
2 

The crack faying surfaces formed during the fatigue experiment is very rough in texture with sharp 

peaks and valleys. The vibration of the specimen causes the sharp peaks and valleys of crack faying 

surfaces to hit each other and generate AE signals. Hence the AE signal generation source can be 

b a 

a 
b 
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considered as a point force excitation source or a point source. AE signals are generated by rubbing 

of crack faying surfaces at a point. Even at different frequencies the source characteristic or the 

mechanism of ultrasonic AE signal generation may remain same since it is a point source 

excitation. Hence theoretically, it is very less likely that the AE signal signature may differ at 

different vibration exciter frequencies. A comparison of AE signal signature at 35 Hz vibration 

and 180 Hz vibration is presented in Figure 7. Clear similarities in AE signals and signal frequency 

spectrum is observed in the figure. The AE signal rise time, as well as the duration of the signal, 

is observed as approximately same. Frequency spectrums of both signals were found very similar 

with broadband nature and very similar peaks and valleys. 

5.1.4 Comparison of signals 

A comparison of typical AE signal recorded at 35 Hz specimen vibration and 180 Hz specimen 

vibration is presented in Figure 7. Both signals are very similar in the time domain as well as in 

the frequency domain. The rise time of the signal for both signals are approximately the same and 

the duration of the signals are also approximately 50 µs. Frequency spectra of both signals have a 

peak approximately at 100 kHz and a gradual increase and decrease in the frequency spectra 

between 300 kHz and 400 kHz. Even though the frequency of excitation is different, the overall 

signal characteristic is the same. AE signals are generated by rubbing of crack faying surfaces at a 

point. Even at different frequencies the source characteristic or the mechanism of ultrasonic AE 

signal generation may remain the same since it is a point source excitation. Hence theoretically, it 

is much less likely that the AE signal signature may differ at different vibration exciter frequencies. 

Minor changes in the frequency spectrum are observed because of the uncertainty in the source 

characteristic. 

 

Figure 7 Comparison of AE signals at 35 Hz and 180 Hz vibration of the specimen. 
Signals at these frequencies were found similar a) Typical AE signal signature 
at 35 Hz b) Typical AE signal signature at 180 Hz 

 

b a 
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6 SUMMARY CONCLUSIONS AND FUTURE WORK 

Fatigue crack in an Aluminum 2024-T3 specimen was generated by cyclic fatigue loading. 

Experimental set up for generating and recording AE signal due to rubbing and clapping of crack 

faying surfaces of the fatigue cracked specimen was designed. FEM modal analysis of specimen 

attached to the experimental set up was performed, and resonant frequencies, as well as 

modeshapes of the specimen, was studied. Crack faying surface motions at the resonant 

frequencies of the specimen was studied from FEM analysis. AE signals were generated and 

recorded through vibration induced crack faying surface motion in the specimen. 

AE signals due to vibration of the specimen at 35 Hz and 180 Hz vibration of the specimen was 

studied. AE signal signatures at both the cases were found very similar. The AE signals generated 

by rubbing and clapping of crack faying surfaces were generated by hitting of peaks and valleys 

in the crack each other. This hitting is a point interaction with a very small area of contact. The 

excitation hence can be considered as a point source. The AE source characteristic in both cases 

would be the same.  

This work can be extended to study about the AE signal due to crack rubbing and clapping of 

cracks of different lengths to study the influence of crack length on the AE signal signature. 
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