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Abstract

In the present study the influence of microscopic elastic properties and the geometry of the
acoustic emission (AE) source are investigated by finite element simulation. We investigate the
formation process of Lamb waves in isotropic and anisotropic plate specimen by simulation of
five different AE source configurations. As reference a microscopically and macroscopically
homogeneous, isotropic aluminum specimen with point force couples is used. For fiber-
reinforced materials, the elastic properties are typically anisotropic. A comparison is made be-
tween the Lamb wave formation of the anisotropic, homogeneous model specimen and those of
an anisotropic, microscopically inhomogeneous model. It is demonstrated, that the microscopic
elastic properties of the AE source have significant influence on the excitation of distinct Lamb
wave modes. This can be used to distinguish between failure mechanisms like fiber breakage or
resin fracture in fiber reinforced materials.

1. Introduction

Analytical descriptions of AE sources due to crack formation and propagation and the subse-
quent propagation of ultrasonic signals are well established in literature [Ohtsul984, Gior-
dano1999, Lysak1996]. Based on the generalized theory of AE, the microscopic crack surface
displacement can be linked to the macroscopic displacement at the surface of the solid by suit-
able Green’s functions [Ohtsul986]. While the Green’s functions for partially infinite media are
easy to obtain, the situation grows more difficult, when dealing with complex geometries of fi-
nite extent. In addition, another major difficulty is the application of Green’s functions to inho-
mogeneous, anisotropic media. Although such cases can be investigated by analytical descrip-
tions [Green1995, Green1998], they are typically only suited for the specific geometry and mate-
rial under investigation.

In recent years various authors have applied the finite element method (FEM) to the simula-
tion of AE formation and AE signal propagation for the case of plate specimens [Dietz-
hausen1998, Prosser1999, Hamstad2002]. The AE source was typically modeled as point force
couple. Due to the increase in computational capacities such simulations are becoming an impor-
tant part to improve the understanding of AE signal formation and propagation.

The finite element method allows an intuitive approach to subdivide modeling and simulation
of AE signals. Utilizing a multi-scale approach the modeling of AE can be split into three dis-
tinct steps:

e Modeling of source mechanism

e Modeling of signal propagation

e Modeling of signal detection

The first step addresses the description of the AE source. Typically buried dipole sources re-
alized as point force couples are used. This requires knowledge of the source radiation direction
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and the associated magnitudes of the modeled source mechanism. In addition, various source-
time functions are employed in literature, which model the source kinematics [Ohtsul986, Gior-
dano1999, Hamstad1999]. In a previous publication, we presented a new source model to simu-
late the microscopic failure in carbon-fiber reinforced plastics (CFRP). This source model takes
into account the finite extent of the crack and the microscopic geometry and elastic properties of
the AE source [Sause2010]. Thus in the following the term ‘“source model” refers to the finite
dimensions of the crack model and the geometry and elastic properties in the vicinity of the crack
model.

Subsequent to signal excitation, the elastic wave propagates into the solid and is reflected at
the respective boundaries of the geometry. In plate-like geometries with thickness d the signal
propagation is analytically described by Lamb waves for wavelengths A < 3d [Lamb1917]. In
finite element simulations the propagation of such signals is modeled based on time dependent
solutions of differential equations of the equilibrium states [Castaings2004, Nieuwenhuis2005,
Prosser1999, Hamstad1999, Sause2010]. As pointed out for isotropic media by Hamstad et al.,
different source radiation directions can excite different ratios of symmetric and antisymmetric
Lamb wave modes [Hamstad2002]. This in turn can lead to different frequency compositions of
the detected AE signals, as the propagation of the zero-order symmetric (Sp) mode occurs at
higher frequency than the zero-order antisymmetric (A¢) mode [Hamstad2002]. Due to the mi-
croscopically inhomogeneous nature of fiber-reinforced composites, strong differences in the
source radiation direction are expected depending on the failure mechanism. In a previous publi-
cation it was demonstrated, that such differences of the source radiation direction and of the mi-
croscopic elastic properties cause distinct differences in the excited Lamb wave modes, which
compare well to experimental data recorded during failure of CFRP specimens [Sause2010,
Sause2010b]. In addition, influences of the displacement magnitude and the source excitation
time were investigated [Sause2010].

Signal propagation in the previously used specimen types suffered drastically from boundary
reflections [Sause2010, Sause2010b], since interference of signals with their boundary reflec-
tions makes identification of distinct Lamb wave modes more difficult. Therefore, this approach
is extended to larger specimen geometries. In addition, the case of isotropic media is treated as a
reference.

Finally, the importance of simulation of the detection process of AE signals cannot be over-
emphasized. While in [Sause2010] an abstract representation of a typical broadband piezoelectric
sensor was used, this approach was extended to a full-scale simulation in [Sause2010b]. How-
ever, since the present study will focus on basic investigation of the influence of the source mi-
crostructure the detection process will be limited to the simulation of surface displacements at
distinct positions at the model specimen surface.

2. Description of Model

The present simulations were performed for rectangular plate specimens with 200 mm x
400 mm edge length and 1.4 mm thickness. Utilizing symmetric boundary conditions at the yz-
and xz-plane only one quarter of the total plate volume was modeled as shown in Fig. 1. The AE
source is located at the medial plane at the center of the plate specimen (x,y,z) = (0,0,0) mm. All
elastic properties describing the propagation medium and the source model are summarized in
Table 1. The respective AE signals are obtained from the surface displacements at the positions
marked in Fig. 1 (red crosses) under an angle 6.
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yz-symmetry plane

AE-source

(x,y,2) = (0,0,0) mm

xz-symmetry plane

Fig. 1: Schematic drawing of plate model including dimensions and symmetry planes.

Table 1: Summary of elastic properties of the materials used within the simulation.

Aluminum CFRP Resin HexPly | Carbon Fiber
6063-T83 T800/913 913 T800S
Density
[kg/m?] 2700 1550 1230 1810
Poisson-Ratio | 0.33 - 0.35 0.20
Elastic E =69.0 Cy1=154.0 E =3.39 E =294.0
coefficients Cip=37
[GPa] Ci3=3.7
sz =95
023 =52
C33 =95
C44 =25
C55 =42
Cee =42

A quarter-volume representation of the various microscopic source models is shown in Fig.
2-a-f. Five different configurations of source models were used in the following:

(A)Isotropic aluminum plate and homogeneous source

(B) Anisotropic CFRP plate and homogeneous source

(C) Anisotropic CFRP plate and inhomogeneous source (resin properties)

(D) Anisotropic CFRP plate and inhomogeneous source (carbon fiber properties)
(E) Point force couple

The first configuration is shown in Fig. 2-a. The crack is modeled as a three-axes cross,
which is cut out of the homogeneous medium around the source. Each of the three axes of the
cross is composed of a bar of 30-um length, and 10 um x 10 um cross-section, respectively. The
remaining domains visible in Fig. 2-a are not relevant for this case and will be explained below.
For the present configuration, all domains were assigned elastic properties of aluminum. The
second configuration is also represented by Fig. 2-a, although all domains were now assigned
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homogeneous, anisotropic elastic properties of T800/913. The third configuration is shown in
Fig. 2-b. Here the microscopic elastic properties of a cube with edge length reue = 200 pm were
those of the HexPly 913 resin as given in Table 1. The elastic properties of the macroscopic plate
were those of T800/913. While the dimensions of the crack model and the remaining domains
were all comparable to the configurations considered before, now a smooth transition between
microscopic and macroscopic elastic properties is required. This is achieved utilizing a cube with
2rcupe = 400 um edge length which encloses the resin cube. This so-called perfectly matched
layer (PML) gradually changes the elastic properties of the enclosed medium Cj; o to those of the
surrounding medium C;;, | as a function of distance r as follows:

Cij,O r< rcube
, r
CU = Cij,O + [[r - 1 ] (Cl]1 - CUO ] rcube S r S 2rCLJbe (1)
cube
C r>2r

ijA cube

The material density was gradually changed accordingly. This smooth transition is exemplarily
visualized in Fig. 2-d in a pseudo-color diagram. The fourth source model configuration differs
from the third configuration only by a different assignment of elastic properties of the domain
marked in red in Fig. 2-c. In this case the cuboid with edge length of 85 um and 10 um x 10 um
cross-section has elastic properties of T800S carbon fibers instead of HexPly913 resin. The re-
spective transition to the macroscopic properties of the T800/913 CFRP plate is realized by a
respective PML as shown in Fig. 2-e. For the purpose of comparison, point force couples as
shown in Fig. 2-f were also simulated. In the present configuration, the total distance of the two
points acting as buried dipole source was 300 um with 1 N force magnitude.

In order to excite an AE signal, in the following a linear source-time function was used.
Since the influence of various source radiation directions was already addressed in [Sause2010],
in the present study only in-plane crack surface displacements dy as marked in Fig. 2-b were con-
sidered. Following the previous publications, a linear source-time function was used to deflect
the respective crack surface by a magnitude dpx within an excitation time T.x [Sause2010,
Sause2010b]:

t
d.(t)= do’x'(TJ 0<t<T,, )

ex

free t>T

After the excitation time T, the boundaries of the source model are free of constraints. The
subscript x marks the respective direction of crack surface deflection. It is worth to note that due
to the symmetry conditions of the model the crack surface displacement is also symmetrical with
respect to the yz-plane. For better comparison of the obtained results, the magnitude dyx and ex-
citation time T, x was kept constant for all models at dpx = 100 nm and Tex = 100 ns.

Since the present approach introduces a multi-scale problem, the resolution of the finite ele-
ment mesh was gradually refined from 2.0 mm down to 0.01 mm when approaching the model
source. The higher mesh resolution close to the source is necessary to resolve the geometric de-
tails of the source model, while the coarse macroscopic resolution is still sufficient to describe
signal propagation within the plate specimen up to frequencies of 1 MHz. Since exact symmetry
and quality of arbitrarily generated 3D tetrahedral meshes is typically difficult to achieve [Fre-
itag1997, Parthasarathy1994], the source model could not be meshed symmetrically with respect
to the xy-plane.
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Consequently, there is a break of symmetry with respect to the xy-plane, which can cause
differences in the calculation of signal propagation along the positive and negative direction of
the z-axis, respectively. As a result antisymmetric Lamb wave modes can occur. The sensitivity
of the Lamb wave formation based on this effect cannot be overemphasized. Within reasonable
steps of refinement of the mesh density around the source model the excitation of antisymmetric
Lamb waves could not be prevented. Based on physical considerations such microscopic asym-
metry within the material is always expected and therefore the present configuration is meant to
reflect realistic conditions better than perfect symmetric mesh conditions. To ensure comparabil-
ity of the results of different source model configurations, in the following all simulations were
performed using an identical mesh.

The temporal resolution was chosen to be 10 ns for ¢ <1 ps, which is required to resolve the
excitation process. For 1 us < ¢ < 50 us the temporal resolution was decreased to 100 ns, which
is sufficient to temporally resolve the signal propagation process.

CaseAandB

Density
[kg/m?]
1810

1700

1600

1500

Fig. 2: Quarter-volume representation of AE source model configurations. (a) Homogeneous
case. (b) model of matrix cracking. (c) model of fiber breakage. (d, e) Pseudo-color diagram of
material density visualizes transition of elastic properties utilizing perfectly matched layer and (f)
model of point force couple.
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3. Results

The results of the simulations are presented below for the five different source model con-
figurations. To visualize the modal composition of the AE signals the Choi-Williams transforma-
tion is calculated using the software package AGU-Vallen Wavelet [Choi1989, Vallen2010]. The
results are compared to analytical solutions of dispersion curves calculated for the respective
propagation medium and distance [Vallen2010, Zeyde2010].

3.1 Homogeneous, isotropic medium

The Lamb wave propagation excited by source model configuration A is shown in Fig. 3 at
six distinct times. The in-plane displacement located at the medial plane of the plate excites a
strong Sp Lamb wave mode with preferential orientation along the x-axis. As visible in Fig. 3, for
35 pus <t < 50 ps minor reflections occur at the boundary in y-direction. But for times { < 40 ps
no boundary reflections arrive at the designated detection positions.

Point of detection

t = 30.0us t = 40.0us

Boundary
reflection

Fig. 3: Propagation of Sy Lamb wave mode in aluminum plate at six distinct times.

As already mentioned in the introduction section, point force couples are often used in litera-
ture to model AE sources. Following the approach of Hamstad et al. [Hamstad1999] a respective
aluminum plate with dimensions as given in Fig. 1 was modeled, using an in-plane point force
couple. The resulting CWD-diagram of the z-displacement of the surface at (x,y,z) =
(50,0,0.7) mm is shown in Fig. 4-a. For comparison the CWD-diagram of the signal at the re-
spective position using the source model configuration A is shown in Fig. 4-b. In addition both
CWD-diagrams show dispersion curves for the Sy and Ay Lamb wave modes calculated for the
propagation distance of 50 mm. For aluminum with elastic properties as given in Table 1, the
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longitudinal and transversal wave velocities were calculated as v, = 6153 m/s and vr= 3100 m/s,
respectively.

Clearly, the signals of both simulations are dominated by the contribution of the Sy Lamb
wave mode as seen in Fig. 3. In direct comparison the source model configuration of finite extent
shows in addition an excitation of the Ao Lamb wave mode. This contribution is hardly visible in
the CWD-diagram in Fig. 4, since the magnitude of the coefficients is dominated by the intensity
of the Sy Lamb wave mode. Instead, the minor contribution of the Ag Lamb wave mode is ob-
served better as low frequency oscillation of the signal in time domain after t = 13 ps.

@@ | cwD-diagram Aluminium - Point Couple | (b) | CWD-diagram Aluminium - Finite Crack Model
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Fig. 4. Comparison of surface displacement signals at (x,y,z) = (50,0,0.7) mm for point force
couple model (a) and model of finite extent (b) with superimposed dispersion curves.

Since the source model configuration A uses an axially oriented surface displacement, a de-
pendency on the orientation of the source relative to the sensor can be expected. As depicted in
Fig. 1 the surface displacement signals were detected at three distinct points, reflecting three
different source-sensor angles of 6 =0°, 45° and 90°, respectively, between the crack surface
normal (x-axis) and the investigated propagation direction.

The CWD-diagrams in Fig. 5 show the respective simulated signals for the source model
configuration A with additionally calculated dispersion curves. Clearly, the modal composition
of the detected Lamb waves depends on the angle. While for the source-sensor angle 0° the S,
mode dominates, the Sy mode contribution decreases for 45° and vanishes for 90°. In contrast,
the contribution of the Ay Lamb wave mode is almost constant for all three angles, although
barely visible in the color-range of Fig. 5-a. Due to the orientation of the in-plane crack surface
displacement, this preferential spatial distribution of the Sy mode intensity is expected [Ea-
ton2008].

3.2 Homogeneous, anisotropic medium

The Lamb wave propagation excited by source model configuration B is visible in Fig. 6.
Generally, the propagation of Lamb waves in anisotropic media like CFRP is more complex than
for isotropic media. Due to the elastic anisotropy, the propagation of distinct Lamb wave modes
is strictly asymmetric. Due to the high elastic modulus in x-direction (154 GPa) the propagation
velocity of the So Lamb wave mode along the x-axis is very high and thus the reflection at the x-
edge of the specimen interferes at the observation position (x,y,z) = (50,0,0.7) mm for t > 35 pus.
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Fig. 5: Influence of source-sensor angle for source model configuration A: (a) at (x,y,z) =
(50,0,0.7) mm, (b) (x,y,z) = (35,35,0.7) mm, (c) (x,y,z) = (0,50,0.7) mm.

However, the other observation positions marked in Fig. 6 show no interference with incident
reflections for the investigated time t < 50 ps.

In analogy to the case of isotropic media considered before, a comparison is made between
signals excited by point force couples in an anisotropic plate and those of source model
configuration B. The resulting CWD-diagrams of the z-displacement signal of the surface at
(x,y,z) = (50,0,0.7) mm are shown in Fig. 7-a and 7-b. In addition, dispersion curves of the S,
and Ay Lamb wave modes are shown. Both were calculated for propagation in x-direction based
on the anisotropic elastic properties given in Table 1 using the software package of R. Zeyde
[Zeyde2010]. As visible in Fig. 7, both signals are clearly dominated by the Sy Lamb wave
mode.

3.3 Inhomogeneous, anisotropic medium

After introducing an anisotropic propagation medium and AE sources of finite dimensions in
source models A and B, the source model configurations C and D introduce microscopic inho-
mogeneous elastic properties. These are used to model the microscopic presence of resin and
carbon fibers as shown in Fig. 2-b and 2-c. A comparison of CWD-diagrams of both source
model configurations is shown in Fig. 8 for each source-sensor angle investigated. In addition,
the dispersion curves of the fundamental Lamb wave modes are shown in each CWD-diagram.
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These were calculated independently for each source-sensor angle and the respective propagation

distance using the software package of Zeyde [Zeyde2010].
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Fig. 6: Propagation of several Lamb wave modes in CFRP plate at six distinct times.
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Fig. 7: Comparison of surface displacement signals at (x,y,z) = (50,0,0.7) mm for point force

couple model (a) and model of finite extent (b) with superimposed dispersion curves.

For source model configuration C (model of matrix cracking), the signals are dominated by

the Ay mode for all source-sensor angles (see Fig. 8a-c). Only minor contributions of the

So

Lamb wave modes are observed. These are barely visible in the CWD-diagrams, but are easier to
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Fig. 8: Influence of source-sensor angle for source model configuration C (a) at (x,y,z) =
(50,0,0.7) mm, (b) (x,y,z) = (35,35,0.7) mm, (c) (x,y,z) = (0,50,0.7) mm and (d — f) for source
model configuration D, respectively.

identify in the time domain at the beginning of the signals, in particular for observation position
(x,y,z) = (50,0,0.7).
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Different CWD-diagrams are observed for source model configuration D (model of fiber
breakage) at the respective observation positions. Here a strong contribution of the Sy Lamb
wave mode is found for propagation direction parallel to the crack surface normal (see Fig. 8-d).
With increasing source-sensor angle, the contribution of the Sy mode decreases, since it is di-
rected mostly along the x-axis as seen in Fig. 6. Thus the dominant contribution for (x,y,z) =
(35,35,0.7) mm and (x,y,z) = (0,50,0.7) mm originates from the Ay mode.

It is worth pointing out that the same source excitation time was used in the current simula-
tions for both source model configurations. Based on the transversal sound velocity, the source
excitation time of fiber breakage is expected to be shorter than for resin fracture. As already pre-
sented in [Sause2010] this results in a stronger contribution of the intensity of the Sp mode for
the case of fiber breakage and, consequently, emphasizes the characteristic difference between
the associated source mechanisms further.

4. Conclusions

For isotropic media the results of conventional point force couples and of the source model
of finite extent as introduced in [Sause2010] agree reasonably well. For the source model of fi-
nite extent a weak additional contribution of the Ay Lamb wave mode is found, which is attrib-
uted to the influence of asymmetry of the used tetrahedral mesh on a microscopic scale. Al-
though the asymmetry was introduced accidentally, it is expected to reflect real experimental
conditions better than symmetric meshes, since minor deviations from perfect symmetry in the
form of voids and flaws will always be present. Due to the fact that the dimensions of these in-
homogeneities are within the range of the wavelengths occurring close to the source they will
strongly affect the symmetry of the source radiation patterns.

Independent of the chosen mesh, for the investigated source model configurations in anisot-
ropic media a strong influence of the microscopic elastic properties on the modal composition of
the excited Lamb waves was found. In this context it was demonstrated, that just the change of
local elastic properties from those of resin to those of carbon fiber cause a different excitation
ratio of symmetric and antisymmetric Lamb wave modes.

In all specimens a strong dependency of the signal propagation on the orientation between
the axis normal to crack surface displacement and the source-sensor axis was found. For iso-
tropic media the orientation of the in-plane source causes a preferential orientation of the Sy
mode propagation along the direction of the crack surface normal. A superposition of the calcu-
lated fundamental Lamb wave modes shows good agreement to simulated signals.

Since for anisotropic media the dispersive propagation of Lamb waves depends on the direc-
tion, different dispersion curves were calculated for the investigated propagation angles of 0°,
45° and 90°. Similar to the isotropic propagation medium, the So mode propagates with preferen-
tial orientation along the direction of the crack surface normal. For the current model this direc-
tion coincidences with the fiber axes and thus results in a fast propagation of the So mode. For
the purpose of source identification procedures, this dependency of Lamb wave propagation on
the source-sensor angle introduces additional difficulties. For a valid identification of the micro-
scopic source mechanism this effect has to be taken into account.

152



For further investigations of the effect of the source microstructure the geometry of the pre-
sented source model should be extended. In order to model typical failure mechanisms in CFRP,
the influence of the vicinity of the source should be investigated in more detail. In particular, a
more realistic crack geometry should be considered. The influence of inhomogeneities, like addi-
tional fibers and voids in the surrounding of the source should be investigated. In addition, the
influence of fiber-matrix interfacial strength is not taken into account in the current model. In
future attempts, this interaction should be treated accordingly.

For signals detected at distances below 50 mm, geometric spreading is the dominating con-
tribution to attenuation. To interpret signals at longer propagation distances additional contribu-
tions to Lamb wave attenuation should be taken into account by modeling of dispersive media.

In summary, the presented simulations demonstrate that the microscopic conditions close to
the source influence the excitation of distinct Lamb wave modes significantly. For experimental
attempts regarding source identification procedures, such influences should be taken into ac-
count, since they can dominate the signal characteristics and thus superimpose effects of disper-
sive signal propagation.
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