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Abstract. Various theories in the past have addressed the correlation of material 
properties and the respective acoustic emission release during fracture. Whilst these 
theories yield good predictions for fundamental relationships, they neglect the 
dynamic displacements during crack formation. This paper presents first results for a 
new acoustic emission crack source model based on a finite element modelling 
approach which calculates the dynamic displacement field during crack formation. 
The specimen modelled is statically loaded until conditions for crack growth (e.g. 
local exceedance of material’s fracture toughness) are fulfilled. Crack growth is 
modelled by local degradation of the material properties in the crack process zone. 
The respective displacements generate the acoustic emission signal and allow 
detailed examination of the generation of acoustic emission signals. Subsequent to 
crack growth signal propagation in a simple tensile specimen is modeled. The signal 
propagation is modeled superimposed to the static displacement field. The influence 
of the crack propagation length, the static displacement field and material plasticity 
is investigated. It is demonstrated, that present analytical theories systematically 
underestimate the strength of acoustic emission sources. Strong discrepancy was 
found between the rise-times predicted by the present simulations and those 
assumed in analytical theories. 

1. Introduction  

The formation and propagation of cracks in solid media is a field of research that has been 
active for decades. Still, the theoretical description of the physics at the crack tip and the 
crack dynamics are active fields of research. A phenomenon that is closely related to the 
crack dynamics is the generation of acoustic waves due to the crack formation and motion. 
These acoustic waves propagate within the solid and can be detected at the surface by 
suitable sensor systems. Despite of the broad range of technical applications, only little 
work has been performed recently to advance the understanding of the physical processes 
involved in the generation of such acoustic emission signals.  

In order to interpret the detected acoustic emission signals in terms of their 
relevance to material failure it is required to have concise knowledge of the underlying 
physics. The whole process can be categorized into three subsequent parts. The first part 
comprises the acoustic emission source, the second part considers the acoustic emission 
signal propagation from source to sensor and the third part consists of the acoustic emission 
signal detection.  

In the past, various valuable attempts have been made to provide a theoretical 
description of acoustic emission sources. The source model concept used in most of the 
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analytical approaches was derived from seismology and is based on the early work of K. 
Aki and P. Richards [1]. Here, source models are geometrically approximated as point 
sources, while the dynamic of the source are either approximated from iterative refinement 
of model parameters to fit experimental data or are based on assumptions. Various step-
function descriptions exist, which are used to describe the 3-dimensional spatial 
displacement of the crack surface during crack formation [2-5]. In particular the rise-time 
of the initial crack surface displacement is an essential parameter to describe the crack 
surface motion [6]. However, it is difficult to measure the rise-times of crack propagation 
experimentally. Therefore, the rise-time is typically estimated based solely on the elastic 
properties of the bulk material. Despite of this drawback, this type of source modeling has 
been successfully applied to many cases and the basic concept has been used within the 
generalized theory of acoustic emission by Ono and Ohtsu [3,7], the work of  Scruby and 
Wadley [8] and numerous other analytical descriptions [2,4,9]. 

In recent years it has become more convenient to use numerical methods to model 
acoustic emission sources. In this field, Prosser, Hamstad and Gary applied finite element 
modeling to simulate AE sources based on body forces acting as point source in a solid 
[5,10]. Hora and Cervena investigated the difference between nodal sources, line sources 
and cylindrical sources to build geometrically more representative acoustic emission 
sources [11]. At the same time, we proposed a finite element approach using an acoustic 
emission source model taking into account the geometry of a crack and the inhomogeneous 
elastic properties in the vicinity of the acoustic emission source [12]. Currently all these 
source models require an explicit source function. Therefore, no details of the dynamics 
arising from the crack formation process and the subsequent crack surface motion are taken 
into account.  

In contrast to the source model, the theoretical description and numerical 
implementation of wave propagation is already well established [5,9,10,12,13]. However, it 
is important to consider the effects of attenuation, dispersion and propagation in guiding 
media to accurately capture the characteristics of the signal (e.g. frequency content). While 
analytical descriptions benefit from the low computational intensity [9] to describe wave 
propagation, for the numerical methods a main focus is the improvement of the calculation 
routines. 

Another challenge to obtain acoustic emission signals to compare to experimental 
data stems from the description of the detection process. Here the detection process using 
piezoelectric sensors can have significant impact on the bandwidth of the detected signals 
and their relative frequency content. While some analytical approaches consider the sensors 
transfer function explicitly [9,14] some attempts have also been made to model the 
response of piezoelectric sensors themselves [15]. Recently a finite element approach to 
directly include the piezoelectric sensor in a modeling environment to also account for the 
interaction between the sensor and the material it is mounted on was proposed [16]. 

In the present work, a mode-I crack in an aluminum alloy is modeled as acoustic 
emission source. The aim of the investigation is the comparison between predictions of 
analytical theories and the new source model description. Fundamental material properties 
are varied and their impact on the obtained acoustic emission signals is discussed. 

2. Simulation method  

The type of finite element modeling used is based on the calculation of stress-strain 
relationships in a specimen volume governed by the structural mechanics constitutive 
equation. Based on the principle of virtual work the finite element program COMSOL 
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solves the partial differential equations for equilibrium conditions, expressed in global or 
local stress and strain components.  

The geometry chosen for the present investigation is shown in figure 1. The tensile 
specimen is modeled as simple bar with edge length of 100 mm × 40 mm (height × width) 
and 2 mm thickness. For simplicity all calculations are carried out in a 2D cross-section 
using plain strain conditions. The through crack occurs at the center of the specimen and 
affects the full thickness as seen in the inset in figure 1. The length of crack growth   is 
chosen as free parameter in the following. For reasons of symmetry at the yz-plane, the 2D 
plane calculated can further be reduced to one half of the full cross-section (marked in red). 
 

 
Fig. 1. Tensile specimen geometry used in the simulations. Red plane marks 2D-part modeled using plain 
strain conditions. Deformation of crack surface exaggerated by 10-times to allow visual representation of 

crack position with superimposed von Mises stress for an external force of 25 kN.  

 
In the present simulation Hook’s law is chosen as constitutive equation. For the case 

of aluminum alloy used herein, the linear elastic behavior is described using the Young’s 
modulus  , Poisson’s ratio   and density   given in table 1. For modeling of elasto-plastic 
behavior a strain-hardening approach using a superposition of two exponential functions 
with yield strength    as given in table 1 is applied. The total stress     after yielding is 
calculated as:               
 
In the first step, the static displacement field is calculated as function of an external tensile 
force   applied in the y-direction. The edge opposite to the applied force is kept at a fixed 
position as boundary constraint. Subsequently, the occurrence of crack propagation along 
the x-direction is modeled using a thin elastic layer defined at the edge coincident with the 
x-axis. The stiffness   of the thin elastic layer is chosen as follows: 
   {                                
The initial stiffness is derived from the elastic properties of the material to be               [N/m³] and               [N/m³] for the direction normal and transverse to the 
load axis, respectively. In principle, the degradation rule can be formulated as classical 
failure criterion. However, to investigate some basic relationships it was found numerically 
more stable to provide the damage state explicitly as function of time. Therefore, fully 
unstable crack propagation with a velocity identical to the maximum allowed Rayleigh 
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velocity is assumed in the following. Acceleration and deceleration at the beginning and at 
the end is assumed to be negligible. 

Mesh resolution was chosen to be a maximum of 25 µm edge length along the crack 
plane with a gradual increase towards 500 µm on the global scale. Calculations were 
carried out using a time step of 1 ns for a total length of 10 µs. Sufficiency of these settings 
was proven following the method proposed in [13] using half the mesh resolution and time 
step as reference case. 

Table 1. Material parameters of aluminum alloy used in the investigation. 

Name  value  Name  value 
Young’s modulus 
Poisson’s ratio 
Density 
Yield strength 

69.9 [GPa] 
0.33 
2700 [kg/m³] 
275.3 [MPa] 

Strain hardening function 
   (  )          (            )   

                            (            ) 

3. Results and Discussion 

3.1 Source Operation  

Due to the presence of the static displacement field, the degradation of the elastic properties 
at the thin elastic layer causes an excitation of an acoustic wave as shown in a sequence of 
images in figure 2. Until t = 343 ns the crack grows with a total length of 1.0 mm. The 
near-field of the crack can be differentiated into two major contributions. One part stems 
from the crack opening and would be directed perpendicular to the crack surface. The 
second part originates from the advance of the crack tip and radiates slightly off-axis 
relative to the propagation direction. At the moment of crack arrest, the two contributions 
develop into two waves, referred to as “primary wave” and “secondary wave” in the 
following. Approximating this mode-I crack as single dipole would generate a contribution 
which is mostly due to the “primary wave”. Improved representations like a model using 
three orthogonal dipoles are able to capture parts of the behavior of the “secondary wave” 
[8]. However, the quantitative relation of their contributions is dominated by the strength of 
the force extensions modeled for the three dipoles and not by the underlying crack 
dynamics. 

 

Fig. 2. Formation of the “primary wave” and “secondary wave” in the near-field of the crack shown in a 
sequence of times after crack initiation.  

 
In the far-field these two waves propagate to the boundaries of the specimen and are 

reflected back into the volume (see figure 3). In the following, variations of the external 
loading and the crack progress are investigated. Therefore, the maximum y-displacement of 
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the free crack surface positioned initially at (x,y) = (0,0) mm is evaluated. Comparison is 
made to the observed y-displacement at a hypothetical sensor position at (x,y) = (0,50) mm. 

 

Fig. 3. Propagation of acoustic waves in the far-field of the crack for a sequence of times after crack 
initiation.  

3.2 Influence of Crack Length  

First a comparison is made between the results of three different crack propagation lengths. 
Therefore the length of the thin elastic layer is adjusted to allow crack propagation for 
0.5 mm, 1.0 mm and 1.5 mm. The respective evaluation of the y-displacement of the crack 
surface is shown in figure 4-a. During the duration of crack propagation, the y-
displacement increases linearly. However, at the moment of crack arrest, the y-
displacement does not stop or cease, but increases further until a maximum value is 
reached. Subsequently, the crack surface starts to vibrate and settles at a new equilibrium 
position. The predictions of the y-displacement derived from the theory of Green [17] are 
marked as dashed lines in figure 4-a. As can be seen from the comparison, in the initial part 
these values are systematically lower than the present model predictions. This originates 
from the underlying assumptions in the theory. In [17] static crack opening is assumed, i.e. 
the length of the crack is already present as flaw in the material and merely opens due to an 
external force. If the same assumptions are made in the present model, the achieved 
deformation state is in 99% agreement to the values predicted by [17]. However, the 
dynamic crack propagation seems to generate initial acoustic emission amplitudes larger 
than predicted by those analytical theories. 
 
 

 
Fig. 4. Evaluation of source displacement (a) and surface displacement at (x,y) = (0,50) mm (b) as function of 

crack length. 
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At the sensor position, the first noticeable y-displacement occurs after signal propagation 
from the crack source to the sensor as seen in figure 4-b. This is due to the “primary wave” 
visible in figure 3. Subsequently, contributions from the “secondary wave” arrive and 
superimpose with the “primary wave”. For an increased length of crack propagation the 
individual contributions of the y-displacement increase accordingly.  

3.3 Influence of Applied Load 

Next, the external load used to generate the superimposed static displacement field is varied 
from 5 kN to 10 kN and 25 kN. This is to model the occurrence of cracks with varying 
accumulated energy at the position of the crack zone. As seen in figure 5-a the temporal 
behaviour of the calculated y-displacement of the crack surface is mostly identical to the 
previous investigation. Since the crack length was kept constant at 1 mm, the maximum 
occurs at the same time t = 0.8 µs. For comparison, the y-displacement predictions 
according to the theory in [17] are added as dashed horizontal lines. For the y-displacement 
obtained at the sensor position shown in figure 5-b an increasing amplitude for an 
increasing external load before fracture is observed. 
 

 
Fig. 5. Evaluation of source displacement (a) and surface displacement at (x,y) = (0,50) mm (b) as function of 

external load. 

3.4 Influence of Plasticity  

Since many materials show excessive plastic deformation before fracture, the impact of this 
deformation is subject to the next investigation. For the aluminum alloy used herein, we 
follow a strain-hardening approach as given in table 1. Figure 6-a and 6-b compare the 
calculation results using a linear elastic material model and the elasto-plastic description for 
the y-displacement of the crack surface and the y-displacement at the sensor position. In 
both cases an external force of 25 kN and a crack length of 1 mm was chosen. After crack 
initiation the additional plastic deformation causes a first settling of y-displacement at 
around 25 µm, which is at least two times larger than for the linear elastic case. 
Accordingly, the effective rise-time of the crack is substantially larger. Due to additional 
plastic deformation at the crack tip, a further increase of y-displacement occurs. No 
oscillation of the crack surface comparable to the linear elastic case is observed. For the 
acoustic emission signals detected at the sensor position, additional effects come into play. 
Since macroscopic yielding of the specimen superimposes the dynamic displacements, the 
overall signal is dominated by the increasing plastic deformation of the specimen. This first 
leads to a decrease in y-displacement, but then increases steadily far beyond the 10 µs 
shown in figure 6-b. However, a real sensor applied at this position would not be affected 
by the low frequency components in the signal. Filtering by a 50 kHz 10th order Bessel 
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high-pass reveals the onset of the signal to be around 6.6 µs as seen from the inset in 
figure 6. This preliminary onset is caused by the hardening of the specimen, which causes 
an increase in sound velocity.  
 

  
Fig. 6. Comparison of source displacement (a) and surface displacement at (x,y) = (0,50) mm (b) for linear 

elastic and elasto-plastic material models. 

4. Summary and Conclusion 

Using the maximum y-displacement values of the cases with linear-elastic material 
properties presented in figure 4 and figure 5 the relation between the maximum internal 
(source) displacement and the external (surface) displacement can be evaluated. A 
summary of these calculations and for some intermediate values is given in figure 7. While 
for the variation of external force a direct linear relationship is observed, this is not the case 
for the variation of crack length. For the latter the maximum surface displacement seems to 
follow a    ⁄  relationship on the maximum source displacement. This is not in agreement 
with the usual expectations of analytical theories (e.g. Green and Zerna [17]). However, 
this relationship is a consequence of the description of active crack growth, which is not 
taken into account for the respective analytical theories [8,17]. 

 
Fig. 7. Relation between the maximum source displacement and the maximum AE amplitude for an 

observation point in 50 mm distance.  
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The modeling of plastic deformation during crack propagation reveals further contributions 
of the displacement field not covered by present theories. The large deviation between the 
linear elastic model and the elasto-plastic model for the aluminum alloy demonstrates the 
importance of this contribution. 

With the present model an improved description of the acoustic emission release 
due to the process of crack formation is possible. The insight gained by such modeling 
work aids in the interpretation of the physical processes and allows assessing the impact of 
the material properties on the acoustic emission signals. Careful revision has to be done 
concerning the direct estimation of source rise-times and source strengths based on static 
calculations derived from fracture mechanics. 
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