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Composite materials such as fiber metal laminates combine the advantages of metallic materials and fiber-reinforced polymers.
Hence, these materials are of great interest for thin-walled structures in lightweight engineering. Due to the structure of these
materials, damage to fiber metal laminate components occur more frequently inside the structure than with conventional
materials. Since the detection of interlaminar damage is more complicated compared to external damage, it is one of the
biggest challenges in the use of fiber metal laminates. One approach to detect this kinds of damage, is the use of guided
ultrasonic waves, for example Lamb waves. To be able to perform such damage detection, knowledge about the propagation
behavior of this kind of waves in fiber metal laminates is fundamental. Abrupt stiffness variations across the thickness of
fiber metal laminates, resulting from the different material layers, lead to the question whether the known approaches for the
propagation of guided ultrasonic waves in isotropic and transversely isotropic materials are applicable here. Therefore, the
objective of this work is to investigate the propagation behavior of these guided ultrasonic waves in fiber-metal laminates over
large frequency ranges. For this purpose, dispersion relations from finite element simulations are compared with experimental
data and numerical solutions based on the analytical framework. The investigations are carried out using a fiber metal laminate
consisting of steel and carbon fiber-reinforced polymers. Due to the orthotropy of the laminate, wave propagation in the fiber
direction and perpendicular to it is considered. For the finite element simulations a linear two dimensional eigenvalue analysis
is used. This method is especially suitable because it offers a very efficient modeling approach for this kind of application.
The experimental data are based on measurements contained in previous publications by the authors. The comparison of the
finite element simulations with the experimental data and the data from the analytical framework show that they are in good
agreement. The results shown in this work serve to validate the numerical approach presented and allow for further, more
complex simulations.

© 2023 The Authors. Proceedings in Applied Mathematics & Mechanics published by Wiley-VCH GmbH.

1 Introduction

Composite materials are of great relevance for lightweight constructions. One focus is on the combination of fiber-reinforced
polymers (FRP) and metallic materials, so-called fiber metal laminates (FML). This material combination is particularly
interesting for use in thin-walled components due to its high specific strength and stiffness, cf. [1,2]. To manufacture FMLs,
thin metal layers are integrated between layers of FRP. This results in structural components that are able to combine the
advantages of the individual constituents. For example, components can be manufactured that benefit from the high ductility
of the metal as well as the high specific strength of the FRP. This leads to advantages in many areas such as high damage
tolerance [3,4], load-bearing applications [5, 6], as well as for function integration [7] and structural robustness [8].

Because of the structure of these materials internal damage can occur without any externally visible indicators [3, 9, 10],
similar to damage in components made of pure FRP. Therefore, in order to monitor these components, methods are needed
that are capable of detecting this type of damage. A suitable method is based on guided ultrasonic waves (GUW), such as for
example Lamb waves [11-13]. In order to perform such damage detection, knowledge of the propagation behavior of GUWs
in FML is essential.

The integration of metal layers into FRP leads to abrupt stiffness variations across the thickness of FML and an even
more anisotropic material behavior than it is already the case for pure FRP [14, 15]. The question arises, whether the known
approaches for the propagation of GUWs in isotropic and transversely isotropic materials, cf. [16, 17], are applicable in this
kind of material. In this regard, the literature shows that the approaches used for FRP can also be applied here. For example,
Pant et al. [18] show that the dispersion relations obtained from the partial wave technique in combination with the Global
Matrix Method (GMM) for FMLs consisting of aluminum and glass fiber-reinforced polymers (GFRP) can be confirmed with
experimental results. Muc et al. [19] indicate for FML consisting of aluminum and carbon fiber-reinforced polymers (CFRP)
and GFRP, respectively, that the results for the occurring group velocities of the stiffness matrix method in combination with
finite element models (FEM) are in agreement with those obtained from experimental investigations. Mikhaylenko et al. [20]
demonstrate that the results for the displacement fields for such waves agree between the results based on the numerical
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Parameter Value Unit

E; 122 GPa

EQ = E3 99 GPa X
G2 =G 5.2 GPa Parameter Value Unit
Gos 3.4 GPa E 191 GPa
V1o = V13 0.27 - G 73.5 GPa
V23 0.47 - v 0.3 -

Table 1: Material parameters for the CFRP layers, prepreg Hexcel Table 2: Material parameters for steel layers, steel 1.4310
Hexply 8552-AS4, see [27]. (X10CrNil8-8).

solution of the analytical framework and those from FEM simulations. In addition, the work of Maghsoodi et al. [21] and
Tai et al. [22] address the influence of damage in such material systems. The former is limited to numerical investigations,
while Tai et al. are matching their results with experimental data. Studies on the behavior of interfaces between aluminum and
FRP layers represent another area in which work on this topic can be found. For this purpose, Attar et al. [23] investigate the
influence on the dispersion behavior of such a layer numerically and experimentally. Furthermore, LeCrom et al. [24] study
the bonding layers between aluminum and applied CFRP patches under the consideration of shear-horizontal waves.

Based on these findings, this work will provide a deeper insight into the dispersion behavior of GUW in FML consisting
of steel and CFRP. For this purpose, numerical and experimental results will be compared. The focus is on comparisons over
large frequency ranges with high accuracy. To do this, existing experimental data from the authors [25] will be extended and
compared with numerical finite element data from a two-dimensional eigenvalue analysis. The previous work shows that for
wave propagation in fiber direction, the obtained experimental data are comparable to a numerical solution of the analytical
framework using the GMM. These results are extended here to a comparison with a numerical solution using FEM and a
propagation direction perpendicular to the fiber orientation.

An influence not initially considered in this work is the residual stresses in the material, resulting from heat treatments
during manufacturing due to the different thermal expansion coeffients, see [26]. This influence will be considered in more
detail in the further course of this research.

2 Material Definition

The material used in this work is a combination of CFRP prepreg (Hexcel Hexply 8552-AS4) layers and thin steel foils
(1.4310). Four metal layers and twelve CFRP layers are stacked in a symmetrical pattern as follows [St/04/St/0s]s, see Fig. 1.
The thicknesses of the steel layers is 0.12 mm, while those of the CFRP layers is 0.13 mm. This leads to a laminate thickness
of 2.04 mm with a metal volume fraction of 24 %.

Tab. 1 contains the used material parameters of the CFRP prepreg, taken from Johnston [27]. The suitability of these
material parameters has been shown in previous work by the authors [25]. Additional sources for material parameters can
also be found e. g. in [28-30]. The material parameters for the steel layers are taken from own test series and can be found in
Tab. 2.

4 steel layers 3 x 4 CFRP layers
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Fig. 1: Schematic structure of a FML specimen. Fig. 2: Schematic representation of the FE model.

3 Finite Element Investigations

The following numerical approaches are based on the use of an eigenvalue analysis to calculate the dispersion relations of
the GUWs under consideration. This method is known from the SAFE method [31-33] and offers a possibility to generate
dispersion relations over large frequency ranges with little computational effort. Here, a fully linear numerical model is used
for this analysis.
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The method is based on a multiplicative split of the displacement field u of the waves into two parts, see [13]
u(xy,x3,t,w, k) =0 (zs,w, k) e Hkei—wt) (1)

Here k represents the circular wave number in the propagation direction and w the circular frequency of the propagating wave.
The first part is a function only depending on the coordinate in thickness direction x5 and thus describes a standing wave.
The second part is a function depending on time and the propagation direction of the waves x; and describes the part of the
propagating wave. It should be mentioned that Eqn. (1) is valid only if the displacement fields of the GUWs is decoupled from
the coordinate z2. Due to the orthotropy of the considered laminate this assumtion is valid for wave propagation in the fiber
direction and perpendicular to it, see [11, Ch. 3].

Starting with the balance of linear momentum

o
otz ’

where o stands for the Cauchy stress tensor and pg for the density. The time derivative can be written using the displacement
field from Eqn. (1) as

V.o =po 2

9%u
oG = powia 3)

Therefore, the implementation of Eqn. (2) into the framework of the finite element method leads to the eigenvalue problem
(LK (k)] = w? [M]) [d] = [0] . @

In it, [K (k)] corresponds to the stiffness matrix as a function of the circular wavenumber %, [M] to the mass matrix, and [d]
to the column matrix of displacements.

In the following, the solution of this eigenvalue problem is limited to the linear part. This is justified by the fact that the
displacements of the wave motion are very small in comparison to the dimensions of the body and thus an influence of the
deformation on the resulting circular wave number can be neglected.

3.1 Finite Element Model

Based on an eigenvalue analysis, only a one-dimensional model representing the cross-section in thickness direction x5 of the
laminate is required for the calculation of the dispersion relations in and perpendicular to the fiber orientation. However, during
the course of this research, further effects will be considered, such as the presence of residual stresses from the manufacture
of the laminate. To do this, the model has to be extended to two dimensions taking into account the propagation direction
x1 of the waves. In xo-direction, a plane strain condition is assumed. Fig. 2 illustrates the discretized part of the structure,
for which a 0.1 mm wide cross section of the laminate body is shown. In one-dimensional modeling, only the part of the
displacement field that depends on the coordinate x3 has to be analyzed, see equation (1). In the two-dimensional modeling,
additional boundary conditions are required for the behavior in the direction of propagation. This is done by specifying
periodic boundary conditions

[d] [d]left e*ik(mrigm*ﬂ?um) , 5)

right —
which represent the propagation of the wave in z;-direction, see Eqn. (1). In this equation, the labels “left” and “right”
represent the respective edges of the model in z; direction and are marked blue in Fig. 2.

For discretization, quadratic Lagrange elements are used. In thickness direction the metal and CFRP layers of the laminate
are modeled separately, with no separate bonding layers between the individual layers. The CFRP layers are assumed to be
homogeneous and transversely isotropic and are described using the material parameters given in Tab. 1.

4 Experimental Investigations

Within the scope of this work, only a brief description of the measurement procedure used to generate the experimental
data can be provided. A more detailed insight into the setup and procedure of the measurements is given in previous work
of the authors [25]. Therein also the reproducibility of these measurements with reference to measuring equipment and
specimen shape is presented. The applied method uses a non-uniform two-dimensional discrete Fourier transform to evaluate
the measurement data. The fundamentals regarding the use of a two-dimensional discrete Fourier transform to evaluate the
measurement data of GUWs are based on [34, 35].

The experimental investigations are performed utilizing a rectangular plate specimen with dimensions 500 x 500 mm. For
the excitation of the waves, rectangular piezoceramic actuators (ceramic type: PIC 255) with a L/W/T of 30x 5x 0.2 mm
are adhesively applied to the surface of the specimen. To capture the wave motion, the resulting velocities of the material
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points on the surface of the specimen are recorded by means of a Polytec PSV 500 laser scanning vibrometer. Due to a
perpendicular alignment of the laser beam to the specimen surface, the out-of-plane velocities of the waves are measured to
a predominant extent. The measurements record the motion of the waves along a measurement path in propagation direction,
providing a measurement signal that is a function of time and the direction of propagation. To analyze the propagation in both
directions considered in this work, the process is performed for a propagation direction parallel as well as perpendicular to
the fiber orientation. Furthermore, in order to cover a large frequency range, multifrequency excitation signals are used. The
measurements are performed in a frequency range between 0.002 04 MHzmm and 2.04 MHzmm. The resulting data are then
transferred into the frequency-wavenumber domain by means of a two-dimensional discrete Fourier transformation, where
frequency-wavenumber pairs can be identified on the basis of the occurring amplitude maxima. These identified pairs form
the dispersion relations of the GUWs.

S Comparison of Numerical and Experiamental Results

In the following, the dispersion relations from the FEM solutions are compared with those from the numerical solution of the
analytic framework and those from the experiments. This is done by comparing the phase velocity-frequency relations. Based
on the results in [20,25] on the dispersion behavior and the displacement fields of the two modes considered here, these modes
are referred to as the fundamental symmetric mode Sy and fundamental antisymmetric mode Ag. For the computation of the
data from the analytical framework, it is refered to [25]. As for the FEM solutions, the underlying material parameters for the
analytic framework correspond to those provided in Tab. 1.

Fig. 3 shows the resulting dispersion relations from FEM solutions and the analytic framework for the Sy and Ay modes.
A propagation in and perpendicular to the fiber direction is considered. The comparison shows that both numerical methods
provide identical results.

T
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Fig. 3: Comparison between the dispersion behavior from FEM so- Fig. 4: Comparison between the dispersion behavior for FML, Steel
lutions and the numerical solution of the analytic framework (AF). and CFRP from FEM. Wave propagation in fiber direction.
Wave propagation in and perpendicular to fiber direction.

On this basis, Fig. 5 holds a comparison between the experimental results and those from the FEM simulations for a
wave propagation in fiber direction. The results show slight deviations, but the basic shapes of the propagation behavior
are in good agreement. In Fig. 6 the same comparison for a propagation direction perpendicular to the fiber direction is
depicted. Again, the basic shapes of the propagation behavior are in good agreement. However, the deviations between the
graphs are more significant than in the fiber direction. Besides measurement uncertainties in the experimental data, there are
additional influences from the experiments as well as from the numerical model that could contribute to the deviations that
occur between the experimental and numerical data. On the experimental side, in addition to general manufacturing tolerances
of the specimens, the influences of measurement inaccuracies in the alignment of the measurement path with respect to the real
fiber direction and inaccuracies in the thickness distribution of the specimen should be mentioned in particular. In the context
of the numerical model, the uncertainties from the material parameters used for the CFRP layers from the literature should
be mentioned. In addition, the numerical model in its current form does not take into account residual stresses contained in
the real specimen. A detailed evaluation of these influences cannot be carried out within the scope of this work. However,
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the influence of the residual stress states on the wave propagation in particular will be the focus of subsequent work by the
authors.
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Fig. 5: Comparison between the dispersion curves from FEM and Fig. 6: Comparison between the dispersion curves from FEM and
experiments. Wave propagation in fiber direction. experiments. Wave propagation perpendicular to the fiber direction.

The experimental measurements used here, capture only the velocities of the material points on the surface of the specimen,
i.e. on one of the steel layers. Therefore, it is not possible to verify on the basis of the measurement data alone whether the
waves propagate only in this steel layer or throughout the entire thickness of the specimen. In Fig. 4 the dispersion relations
from FEM solutions for FML, steel and CFRP are shown. Consequently, the good agreement between the numerical and
experimental data in Fig. 5 and the large differences between a decoupled propagation in the outer steel layer in Fig. 4 indicate
that the propagation of the waves take place over the entire thickness of the specimen. This conclusion is also supported by
the numerically computed displacement fields of the fundamental wave modes in [20].

6 Conclusion

This work demonstrates that the nature of the dispersion relations, such as the multimodality, dispersivity, and the qualitative
shape of the graphs for FML consisting of steel and CFRP ([St/04/St/02]s) are in agreement between the experimental data,
those from the FEM solutions and the numerical solution of the analytical framework. A comparison of the dispersion
relationships between FML and a pure steel specimen also indicates that there is no decoupled propagation in the outer layer
of the specimen. Therefore, it can be concluded that the propagation of the waves cover the entire thickness of the specimen.
As a result it can be stated, that the occuring GUW show a similar propagation behavior as in pure FRPs.

Furthermore, causes for occurring deviations between the numerical and experimental results were identified. They can be
found in the area of manufacturing as well as in the area of modeling. In the further course of this research, these influencing
factors will be investigated in more detail. Therefore, e.g. the residual stresses will be added to the modeling approach, which
serves to create a fundamental understanding of the influence of these stress states on the wave propagation.
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