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Abstract

Fiber metal laminates (FMLs) are of high interest for lightweight structures as they combine the
advantageous material properties of metals and fiber-reinforced polymers (FRPs). However,
low-velocity impacts can lead to complex internal damage. Therefore, structural health
monitoring with guided ultrasonic waves (GUWs) is a methodology to identify such damage.
Numerical simulations form the basis for corresponding investigations, but experimental
validation of dispersion diagrams over a wide frequency range is hardly found in the literature.
In this work the dispersive relation of GUWs is experimentally determined for an FML made of
carbon FRP and steel. For this purpose, multi-frequency excitation signals are used to generate
GUWs and the resulting wave field is measured via laser scanning vibrometry. The data are
processed by means of a non-uniform discrete 2d Fourier transform and analyzed in the
frequency-wavenumber domain. The experimental data are in excellent agreement with data
from a numerical solution of the analytical framework. In conclusion, this work presents a
highly automatable method to experimentally determine dispersion diagrams of GUWs in FML
over large frequency ranges with high accuracy.

Keywords: fiber metal laminate (FML), structural health monitoring (SHM),
non-destructive testing, guided ultrasonic waves (GUWs), dispersion diagram, laser vibrometry,
discrete Fourier transform (DFT)
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1. Introduction

Fiber metal laminates (FML) are advanced material systems
for aeronautic applications since they show superior per-
formance over aerospace-grade aluminum and higher ductil-
ity compared to fiber-reinforced polymers (FRPs) [1, 2].
However, due to their layered structure, low-velocity impacts
can create internal damage in the material that is barely vis-
ible from the outside [3-5]. Therefore, the approach of using
sensors to assess the current health state of the component at
any time during the life cycle is particularly interesting for
FML applications [6, 7].

To detect damage in thin-walled components through struc-
tural health monitoring (SHM) systems, the use of guided
ultrasonic waves (GUWSs) has been of major interest in
research [8—10]. GUW can travel over large distances in thin
solid structures without dissipating much energy and show
interactions with inhomogeneities such as damage [10] and are
therefore particularly well-suited for monitoring large-scale
structures.

In contrast to isotropic materials or fiber composites, FML
exhibit strong, abrupt changes in material properties across
their thickness. Therefore, the question arises whether the
GUWs propagating in this material system behave analog-
ously to waves in isotropic waveguides. One of the funda-
mental issues here relates to the resulting displacement fields
of the propagating waves. In [10, 11] it is shown for iso-
tropic materials that the propagating waves have a displace-
ment field that extends throughout the entire thickness of the
waveguide. An extension of these findings to fiber-reinforced
polymers (FRPs) can be found in [12, 13]. Here, a displace-
ment field across the entire thickness of the waveguide can
also be observed. In contrast, studies on sandwich structures
show that the high impedance jumps between the single layers
contained in these materials can lead to a propagation beha-
vior of the waves which no longer exhibits a coupled wave
field across the entire thickness of the waveguide [14-16].
Depending on the structural composition of the material so-
called true modes [17] can develop, that propagate in the skin
layers of the material only. In addition, when the phase velo-
city of the true modes exceeds the bulk shear or longitudinal
velocity of the core so-called leaky Lamb waves [18] arise.
This wave type exhibits a large attenuation, since in addi-
tion to the waves propagating in the skin layers, new wave
types emerge which propagate in the thickness direction of the
waveguide. Thus, the propagation behavior of waves in sand-
wich structures differs significantly from those in isotropic
and homogeneous materials. Therefore, the questions to be
addressed aim at the wave propagating in FML with respect to
the coupling of the displacement fields between the individual
layers of the material and whether these material systems can
be calculated based on the known analytical framework for
isotropic and layered structures.

A first indication that the respective methods can be applied
is shown by Pant et al [19]. Therein, a 3d linear elasticity
model is developed to determine the dispersion diagrams and
displacement fields of GUWs in monoclinic and higher-order

symmetric materials such as FML. To validate the perform-
ance of the method, GLARE3-3/4 is investigated numeric-
ally and experimentally. Using a combination of one actu-
ator and two sensors, the group and phase velocities for the
fundamental wave modes are extracted. The setup allowed an
experimental validation of the numerical results for the fun-
damental modes. However, the Ay group velocity was valid-
ated in another frequency range than the Sy phase velocity.
Muc et al [20] address the numerical determination of dis-
persion diagrams in FML using the stiffness matrix method
and finite element methods (FEM). The study covers lamin-
ates made of aluminum and carbon fiber-reinforced polymer
(CFRP) as well as aluminum and glass fiber-reinforced poly-
mer (GFRP). The numerical results for the group velocity are
compared to experimental results, using two distinct sensors to
determine the time-of-flight of a single Ap-mode wave pack-
age at 100 kHz. Gao et al [21] are using a combination of
the state-vector formalism and the Legendre polynomials to
simulate the GUW propagation in multi-layered anisotropic
composite laminates. Apart from isotropic, quasi-isotropic,
and anisotropic materials, the aluminum/GFRP combination
standard GLARE3-3/2 is considered. The results show a good
fit with the global matrix method over a broad frequency
range. However, the results are not validated experimentally.
Mikhaylenko et al [22] investigate the displacement fields for
such waves in FML made of CFRP and steel numerically, by
comparing numerical solutions based on the analytical frame-
work and on FE simulations. A good agreement could be
found, but the results are also not validated experimentally.
Beyond that, only little literature can be found that
addresses the fundamentals of wave propagation in FMLs and
especially literature targeting experimental investigations is
rare. Maghsoodi et al [23] focus on damage detection methods
with Lamb waves using phased arrays in FML numerically.
The validation is done using ABAQUS and the transfer mat-
rix method at a single frequency of 100 kHz. Tai et al [24] are
also modeling the GUW propagation in FML numerically to
investigate the effect of defects. An experimental setup is used
to determine the group velocity for validating the numerical
model. However, only a small frequency range of 50-250 kHz
with a large step size of 25 kHz is investigated for the Ap-
mode. In addition, investigations on structures with metal and
FRP interfaces exist. Attar et al [25] perform dispersion curve
measurements on the adhesive bond between aluminum and
CFRP using an impulse excitation for broadband Lamb wave
measurements. The experimental results match with the sim-
ulations. LeCrom et al [26] inspect the bonding layer between
an aluminum structure and an applied CFRP patch using a
laser scanning vibrometer (LSV). They determine dispersion
curves for SH-waves in an isotropic structure with an aniso-
tropic patch. However, these investigations focus on the char-
acterization of bonding interfaces between those two materi-
als with an additional bonding layer (0.2—0.5 mm) out of pure
epoxy resin. The different layers of FMLs as considered within
the scope of this work, on the other hand, are bonded during a
one-step manufacturing process without any additional adhes-
ive. Hence, an explicit bonding layer is not found in FMLs and
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the results presented in [25, 26] are not directly transferable to
the material in this work.

The state of the research shows that there is a signific-
ant need for accurate experimental GUW dispersion meas-
urements in FML coupled with numerical investigations.
Therefore, this publication aims at closing this gap by provid-
ing a highly automatable method and consequently experi-
mentally determined dispersion diagrams for FML over a large
frequency range with a high resolution. Therefore, a method
originally proposed and used by [27-29], which also gave very
good results in the authors’ work for isotropic materials [30],
is extended to FML. It is based on the use of 2d Fourier trans-
formations to evaluate the measurement data of the GUWs.
To do so, the structural velocity on the specimen’s surface is
measured with the use of an LSV. Time signals are recorded
at points along a measuring path in the direction of the wave
propagation to generate data as a function of time and spatial
coordinates. In this work the data are evaluated by means of a
non-uniform 2d discrete Fourier transform (2d-DFT) [31]. The
method is specially tuned to increase the accuracy of the meas-
urements as much as possible by the use of multi-frequency
excitation signals instead of impulse excitations, while still
enabling high automation and thus the possibility to cover
large frequency ranges.

The measurements are performed from three different
points of view. Firstly, repeated measurements with different
measurement setups and configurations are examined regard-
ing their reproducibility. The resulting experimental disper-
sion relations for FML structures over large frequency ranges
would fill the gap in the existing literature and provide a pro-
found basis for further investigations of the wave propagation
in this kind of material. Secondly, the experimental data will
be compared with the numerical solutions of the analytical
framework over a wide frequency range. Due to the underly-
ing assumption in the analytical framework, that the displace-
ment fields of the propagating waves extend throughout the
thickness of the waveguide [22], this comparison is a strong
indicator of whether this behavior can be confirmed on the
basis of the experimental investigations. This would lead to
a validation of the numerical investigations based on the basic
approaches for isotropic and layered materials. Thirdly, the
applicability of the presented method is compared for strip
specimens with a surface area of 110 x 4990mm? and square
plate specimens with an edge length of 500 mm. This is done
in preparation for follow-up work, as strip specimens enable
a cost-effective alternative to plate specimens and fulfill the
boundary conditions of future investigations.

The work presented here is structured as follows: After
a short introduction to FMLs, the basics for the analytical
description of waves in laminate structures are discussed. This
is followed by the description of the experimental setups as
well as the definition of the materials and specimens used in
this work. Subsequently, the data generation, as well as the
postprocessing, is discussed in detail. To show the perform-
ance of the presented experimental approach, several different
investigations are addressed in the results section. First, the
reproducibility of the measurements is discussed, followed by

a comparison of different experimental setups at different loc-
ations. Furthermore, the influence of specimen size is evalu-
ated. Finally, the measured dispersion relations are compared
to numerically derived values of the analytical framework.

2. Background

2.1 FMLs

FML aims at combining the advantages of metals, such as
ductility, with the advantages of FRP, such as high specific
strength and stiffness [1, 32]. FML consist of alternating lay-
ers of thin fiber plies and metal sheets, which results in the
ability to stop or bridge cracks. Thereby, a high damage toler-
ance is achieved [3, 33]. Moreover, advantages can be taken
from the combination of the two materials, e.g. in case of
impact loading [34] or load-bearing applications [35, 36],
as well as for function integration [37] and structure robust-
ness [38]. Despite these advantages, low-velocity impact dam-
age can lead to internal failure of the laminate, e.g. delamin-
ations, which will be barely visible from the outside [3, 4].
This promotes the use of SHM methods that are also sensitive
to internal defects [39].

The combination of metal and FRP in a layered compos-
ite results in a material system that is highly inhomogeneous
and behaves strongly anisotropic [2, 40]. Figure 1 illustrates
the subdivision of the different material systems according to
their internal structure and directional behavior. The aniso-
tropic nature of FRP and FML originates from the orientation
of the reinforcing fibers in these materials with stiffness dif-
ferences of more than an order of magnitude when comparing
fiber direction and transverse direction. In contrast to homo-
geneous FRP, the complexity in inhomogeneous FML is fur-
ther increased by the stiffness and consequently, impedance
discontinuities in the thickness direction.

For FRP, it is known that the dispersion behavior of GUW
exhibits a directional dependence when the fibers have a pre-
ferred direction across the layers [12]. Muc et al [20] indicates
that this directional dependence also occurs in FML. Detailed
studies on the influence of the impedance jumps between the
layers on the propagation behavior of the GUW are not known
for the material used here.

2.2. Waves in laminate structures

To describe the propagation of GUW in layered structures, the
equation of motion is solved with respect to stress-free bound-
ary conditions at the surfaces of thin-walled structures. The
fundamental relations that are used to derive the equation of
motion are the balance of momentum

dive + pob = poti, (1)

the linear Green-Lagrange strain tensor

E = _ (grad"u + gradu), )

-
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Figure 1. FMLs compared to other structural materials in terms of
homogeneity of the material and direction dependent behavior.

and Hooke’s law
o=C:E. 3

Here, py is the density, b the body force density, u the displace-
ment field, o the Cauchy stress tensor, and C gives the stiffness
tensor. Introducing Hooke’s law in combination with the linear
Green-Lagrange strain tensor into the balance of momentum
and neglecting the volume forces leads to the well-known
equation of motion, which is given for anisotropic materials by

div (C : gradu) — poui = 0. 4)

Solving these differential equations for stress-free bound-
ary conditions by using the approach

u= Apei(k-x—w[)’ (5)

with the polarization vector p, the circular wavenumber vec-
tor k, the circular frequency w, the amplitude A, the spatial
coordinates x and the time ¢ leads to the Christoffel equation
in thin-walled structures for a single material layer [41]

DI Dy Hy| [Af] 0
i | i P A it [ } 6
oz, by (i) @
with
Dy = [(d7), (d), (d7),].
cikeih 0
H;j=| 0 %" 0 | and (7

0 0 eika;h

+ + + +1T
Aj :[Al Ay A3] :
Here, & is the plate thickness, «; are the eigenvalues of the
Christoffel equation, and d,-i can be calculated from

(dF), = Cauni® (p1);, - ®)

To be able to derive dispersion diagrams for laminates, inform-
ation about the layered structure must be included into the
dispersion relation. A comprehensive overview of methods
for dispersion diagrams in layered structures is provided in
Lowe [42]. Two common approaches are the transfer-matrix
method [43—45]and the global matrix method [46]. The major
drawback of the transfer-matrix method is its instability for
large frequency-thickness pairs. This was later solved by

Kausel [47], Wang [48], and Rokhlin [41, 49]. In contrast to
this, the global matrix method is always stable and is used
here to formulate the analytical framework that can be solved
numerically to determine dispersion diagrams for the propaga-
tion of GUW in FML.

Within the global matrix method, the presented dispersion
relations for single layers are connected by introducing a con-
tinuity condition for the displacements and stresses at the layer
interfaces. Therefore, in accordance with equation (6), the dis-
placements and out-of-plane stress components are collected
in one system of equations. Following the matrix definitions in
equation (7) and adding the displacement components leads to

u PhoPn Ph Pn Pl P
wy| o \Pyi Py Ph Pno PR oPx
Uz | |P3a1 Ps1 P Pz Pz Ps3
oly| |dy dy dfy dp dfy dy
0| |dy dy dy dy dy dy
oh) i dy dy dy dy dy

Af

Ay

A+

x diage!(Fkeih) 2 ©)

A2

Ay

Az

with 75 = 2. For a single layer n this equation is written in
compact form as

Un = GanAn . (10)
With this framework at hand, the continuity condition for the
stresses and displacements at the layer interfaces

U5 -U,,, =0, (11
where U, gives the values at the upper surface of the layer n
and U, at the lower surface of the layer n + 1, respectively,
provides the dispersion relation for GUW in layered structures
like FML

(G H{yla—s 0
GwHy  —Gw-nHj
: , —0.
GoHy  —GH|,
0 G(l)Ha)]476
(12)

The subscript 4 — 6 refers to lines 4 to 6 of equation (10),
which give the stress-free boundary conditions at the upper
and lower edge of the layered structure.

It is important to note that there is no closed solution for
this set of equations. Thus, the computation of dispersion dia-
grams is based on an iterative procedure utilizing the bisection
method. Even though the results are determined numerically,
this solution will be referred to as an analytical solution in the
course of this work. The aim is to clearly indicate the differ-
ence to a pure numerical solution on the basis of the FEM.
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Table 1. Comparison of material properties for the used prepreg material Hexcel Hexply 8552-AS4 from literature.

Value Unit NCAMP [50] Garstka [51] Horberg [52]  Johnston [53]  Data sheet [54]
E, GPa 132 135 135 122 141
E, =E; GPa 9.2 9.5 9.5 9.9 10
G, =Gp3 GPa 4.8 4.9 4.9 5.2 —
Gy GPa — (4.9) 33 34 —
V12 = V13 —_— 0.3 0.3 0.3 0.27 —_
vy =5 -1 — — 0.45 0.45 0.47

f. vol. content % 60.38 57.4 — 57.3 57.42
f.area weight gm™2 190 — — — 134
) gm™>  1.57-1.60 — — — 1.58
tpry (cured) mm 0.19 — 0.13 — 0.13

2 pot in accordance with rules of transversal isotropy

Table 2. Material properties for the austenitic steel alloy 1.4310
(X10CrNil8-8).

Value Unit DINEN 10151[55] own pretests
E GPa 179 191

G GPa  68.8" 73.5%

v — 0.3 —

Tply mm 0.12 0.12

“ calculated for linear elastic isotropic materials: G = %
(I4v)

3. Experimental setup

In this section, the experimental setup for the determination
of the dispersion diagrams is presented. This includes the spe-
cifications and manufacturing of the specimens, the explan-
ation of two different experimental setups (ES1 and ES2) as
well as the data acquisition and the postprocessing procedure.

3.1 Materials and specimen manufacturing process

The specimens in this work are made of alternating CFRP
prepreg (Hexcel Hexply 8552-AS4) layers and thin steel foils
(1.4310). Table 1 presents the material properties of the CFRP
prepreg from different literature sources. The properties from
NCAMP [50] are best documented in terms of experimental
procedures and test results. It should be noted, that the tests
were performed with a prepreg material with a higher fiber
area weight and a slightly different fiber volume content
compared to the data sheet [54] of the prepreg at hand. In
Garstka [51] the value of Gp3 is given equal to Gy, and Gi3
which is not in accordance to the rules for transversal iso-
tropic materials. Therefore, the value of G»3 is questionable.
Horberg [52] gives the same values but with an updated Gys.
Here the material is not specified by the authors but is assumed
to be Hexcel 8552-AS4 due to the agreement of the other val-
ues. Johnston [53] gives the most comprehensive set of para-
meters with a fiber volume content similar to the data sheet of
the material in this work. However, the tensile modulus in fiber
direction shows around 10% difference to the values in other
literature sources. The material properties for the stainless
steel alloy 1.4310 are given in table 2. Own tensile tests of the

steel foil show slightly higher values for the Young’s modulus
compared to the values provided by the DIN norm [55].

The specimens used in this work consist of 4 metal layers
and 12 CFRP layers that are placed in a symmetric layup with
two metal layers at the top and bottom of the specimen. In lam-
inate notation, the layup can be described as [St/04/St/0]s.
With the single-ply thicknesses from tables 1 and 2, this layup
results in a nominal laminate thickness of 2.04 mm and a metal
volume fraction of 24%. The layup and specimen architecture
are schematically illustrated in figure 2.

The process for the specimen production is a standard pro-
cess for FMLs with fiber layers from prepreg systems. To
assure a high interlaminar bonding strength between the dif-
ferent FML layers, the steel is mechanically pretreated with
a vacuum suction blasting process. This process is beneficial
for thin materials that would be damaged by classic sandblast-
ing [56]. After the mechanical treatment, the surface is chem-
ically cleaned with heptane. Subsequently, an aqueous sol-
gel solution (3 M Surface Pre-Treatment AC-130-2 [57]) is
applied to all metal surfaces. The sol-gel layers increase the
adhesive strength between CFRP and metal and lead to high
interlaminar shear strength of the FML [58]. The metal foil is
dried for one hour after the sol-gel application, according to
the data sheet, and laminated immediately together with the
CFRP prepreg layers [58, 59].

To cure the FML, the standard manufacturer-recommended
autoclave process as found in the CFRP datasheet [54] is used.
The process consists of a dwell stage at 110 °C and a final cure
temperature of 180 °C.

In this work, two specimens are investigated, which mainly
differ in their dimensions. One is strip-shaped, the other has
the shape of a square plate. The dimensions of the specimens
as well as the length of the resulting measuring paths are given
in table 3.

The strip specimen with actuator and retroreflective tape
is depicted in figure 3. It is equipped with patches of GFRP
at both ends outside of the measuring path for future tests in
a tensile testing machine. In order to reduce the influence of
occurring edge reflections, the strip edges along both sides are
prepared with an energy dissipating butyl rubber tape. Since
no GFRP patches are used for the plate specimen, the avail-
able measurement path length is larger compared to the strip
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CFRP layers
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specimen width

Figure 2. Schematic representation of the specimen architecture.

Table 3. Geometry and measurement path length of the two
investigated specimens.

Strip Plate

(mm) (mm)
Specimen length 490 500
Specimen width 110 500
Measurement path length ES1 320 320
Measurement path length ES2 320 450

specimen. This is exploited in the measurements in ES2 to
increase the quality of the measurements. In ES 1, however, the
measuring length for the plate specimen is reduced to the max-
imum path length of the strip specimen. This provides better
comparability between the measurements of the two specimen
types.

A rectangular piezoceramic actuator (ceramic type: PIC
255) with a length of 30 mm, a width of 5 mm and a ceramic
thickness of 0.2 mm is used. This shape results in a more
straight wavefront along the measuring path in comparison to a
circular shaped actuators. The actuator contains a wrap-around
electrode for single-sided access of the wiring. It is bonded
to the specimen with Loctite EA9466 [60], which was cured
under a vacuum bag to ensure a homogeneous thickness of the
adhesive layer.

The laminate thickness is a crucial parameter for the sub-
sequent calculation of the GUW propagation. Therefore, the
specimen thickness and its distribution over the surface of the
specimens is experimentally determined. For each specimen,
the thickness is measured with a dial gauge after manufactur-
ing at 10 evenly distributed points over its surface. Table 4
shows that only minor deviations to the nominal thickness of
2.04 mm can be found.

Additionally, the strip specimen is evaluated by means of an
industrial 3d scanning head (GOM ATOS) to further evaluate
the homogeneity of the manufactured laminate thickness.

The 3d representation in figure 4 shows a very evenly dis-
tributed thickness over the entire strip with the same range as
the results from the dial gauge measurements (cf table 4). Both

retroreflective tape GFRP patch

wiring

) i,
actuator specimen

thickness: 2.031 mm (excl. GFRP patch)

Figure 3. Photo of the used strip specimen.

Table 4. Mean values resulting from thickness evaluations at ten
evenly distributed points over the surface for the plate and strip
specimen.

Strip Plate
(mm) (mm)
Mean thickness 2.031 2.046
Standard deviation 0.003 0.014

Figure 4. Evaluation of the thickness homogeneity within the strip
specimen by 3d scanning.

measurement methods include their own measuring error.
However, both results are very close to the nominal specimen
thickness of 2.04 mm which is therefore used throughout this
work.

3.2. Equipment and setup

The experimental setup aims at measuring the wave velocity at
the presented specimen’s surface along the wave propagation
direction using a full-field LSV, cf [30, 39, 61, 62].

Figure 5 shows a schematic representation of the setup.
A computer in combination with a signal generator provides
the excitation signal. The excitation signal is amplified using
a high-voltage amplifier to drive the actuator that is bonded
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retroreflective tape

measuring path

: LSV
perpendicular laser

<@— specimen

actuator
computer

signal recorder

HV amplifier signal generator

Figure 5. Schematic representation of the experimental setup.

to the FML specimen. The specimens are mounted vertic-
ally in such a way that no clamping on the vertical edges
takes place and that an upright position is ensured at all
times. Retroreflective tape is applied along the measurement
path to increase the received signal amplitude by the LSV.
Furthermore, a perpendicular alignment of the laser beam
to the center of the measurement path is ensured. Taking
into account the laser specifications, the horizontal distance
between the LSV and the specimen is selected in such a way
that both, the highest possible laser intensity can be meas-
ured and the spatial sampling along the measuring path is as
high as possible. The velocities at the specimen’s surface are
acquired using a signal recorder and post-processed with the
computer. Due to the positioning and orientation of the LSV,
almost exclusively the out-of-plane component of the wave
velocities is measured.

In the context of data transfer in research cooperations such
as the authors’ research unit which is located at different insti-
tutes, and general applicability of the method under investiga-
tion, the question arises, whether it works independently of the
setup. The method is assumed to perform with different setup
specifications as long as the temporal and spatial resolutions as
well as the measuring durations and path lengths correspond
to the signal processing requirements. Therefore, the measure-
ments are carried out using two setups with the same archi-
tecture but different hardware. The two experimental setups
are depicted in figures 6 (ES1) and 7 (ES2), respectively. A
description of the hardware of the different setups is presented
in table 5. The decisive differences between the two measure-
ment setups for this application are the sampling rate of the
signal generators and the accuracy of the angular resolution of
the LSVs used. The signal generator in ES2 has a maximum
sampling rate of 1 MHz which, according to Shannon [63], res-
ults in a maximum excitation frequency of 0.5 MHz, whereas

specimen

HV amplifier

mounting generator / decoder

Figure 6. Experimental setup 1 (ES1).

for ES1 a much higher excitation frequency of 62.5 MHz is
theoretically possible. In the context of this work, a maximum
excitation frequency of 1 MHz is used for ES1. Further, the
accuracy of the angular resolution in ES2 affects the accuracy
of signals with high wavenumbers. The resulting influence is
discussed in section 3.4.

It should be noted that due to the need for a full-field scan-
ning device, the method used here is designed for application
under laboratory conditions to provide basic knowledge about
the dispersion relations of the GUW. An application of this
method within an on-site SHM system could only be realized
with great effort and for individual cases.

Within this work, measurement labels are used to distin-
guish the results between different setups and specimens, cf
table 6. The label distinguishes between the two experimental
setups ES1 and ES2, the specimen types plate (P) and strip (S)
as well as the measurement runs MS1 and MS2 if applicable.

3.3. Data acquisition and postprocessing

The experimental data acquisition and postprocessing used for
the determination of phase velocities of the GUWs is based
on Barth et al [30]. It is characterized by very high accuracy,
reproducibility, and a possibility for automation, which allows
the determination of the dispersion relations over a wide fre-
quency range. The method is based on the use of a non-uniform
2d-DFT to evaluate the measurement data for GUW. The suc-
cessful use of a 2d-DFT for this type of applications has been
demonstrated before by [27-29].

The evaluation of the measurement data is done in the
frequency-wavenumber domain instead of the often used eval-
uation in the time-space domain. Since at least two modes
occur in case of monofrequency excitation [64—68], the
frequency-wavenumber domain is well suited for the analysis
of the dispersive and multimodal behavior of such waves.
This also allows the use of multifrequency excitation sig-
nals to automate the measurement, which is hardly possible
when the data is evaluated in the time-space domain. An
exemplary excitation signal in the time domain is shown in
figure 8 and the transformed signal in the frequency domain
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specimen

mounting

computer

HV amplifier vibration isolation

table

signal signal

recorder generator

Figure 7. Experimental setup 2 (ES2).

Table 5. Comparison of hardware specifications for the vibrometer, the signal generator and the signal recorder used in ES1 and ES2.

Device and parameter ES1 ES2 Unit
Vibrometer
Manufacturer Polytec Polytec —
Model PSV-500 PSV-400 —
angular resolution < 0.001 0.002 °
Used working distance ~535 ~1330 mm
Signal generator
Manufacturer Polytec Polytec —
Bandwidth 30 0.5 MHz
No. of sampling points 1% 10° 1.3 x 10° —
Max. sampling rate 125 1 MHz
Used sampling rate 10 1 MHz
Signal recorder
Manufacturer Polytec Polytec —
Sampling frequency 3.125 2.56 MHz
Used resolution 16 12 bit
Used amplitude range 100 20 mm sVl

Table 6. Description of measurement labels.

Label Setup Type Run
ES1.P 1 plate 2
ES1.S.MS1 1 strip 1
ES1.S.MS2 1 strip 2
ES2.S 2 strip 1
ES2.PMS1 2 plate 1
ES2.P.MS2 2 plate 2

in figure 9. It consists of a Hanning windowed [69] superposi-
tion of sinusoidal oscillations and has a temporal length of T'=
80 ms or 125 ms for the two experimental setups, respectively.
The duration can be considered as untypically long for GUW

applications, where mostly short bursts or impulse excitations
are used. The signal is chosen to ensure a very accurate resol-
ution in the frequency domain. In the first test run, frequencies
from 0.25 kHz to 995.25 kHz are excited with a step size of
5 kHz. By repeating the measurement 20 times with excitation
signals shifted by 0.25 kHz, a range from f,,;, = 0.25 kHz to
Jfmax = 1 MHz with a step size of Af = 0.25 kHz is covered.
The excitation signal, described and shown in figures 8 and 9,
is applied in ES1 and is limited to a smaller frequency range
and a wider spacing for ES2 due to hardware limitations (cf
table 5). Table 7 shows the properties of the investigated fre-
quency range for both experimental setups.

As described in section 3.2, the required discrete-time velo-
city data ¢(z,x) is generated using a LSV measurement on the
specimen’s surface at distributed points along a path in the
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Figure 9. Normalized multifrequency excitation signal from
figure 8 in the frequency domain.

Table 7. Properties of investigated frequency ranges for ES1
and ES2.

f min f max Af T
Setup (kHz) (MHz) (kHz) (ms)
ES1 0.25 1 0.25 80
ES2 1 0.5 1 125

propagation direction x of the waves. The resulting data are
processed using a non-uniform 2d-DFT [31]

n m

F(f,v)= ZZ (c(tjx)ei%ffr) e

x=0 =0

(13)

which converts the data into the frequency-wavenumber
domain. Here, f signifies the frequency and v the wavenum-
ber. Within the amplitude matrix F of equation (13), max-
ima are detected at given frequency points using a peak-search
algorithm. Each resulting frequency-wavenumber pair repres-
ents a detected point in the Lamb wave dispersion relation.

In contrast to a direct evaluation of the time signals by e.g.
time-of-flight measurements, the advantage of this procedure
is a much easier separation of the modes in the frequency-
wavenumber domain. In addition, it is possible to determine

real phase velocities instead of the often measured group velo-
cities, which is not possible with many other measurement
methods without great effort or inaccuracies.

It is to be noted, that the performance of the used method
strongly depends on the hardware and specimens used. The
sampling frequencies of the signal generator and data acquisi-
tion system limit the frequency bandwidth while the measure-
ment path length and the spatial resolution limit the investig-
able wavenumber range.

3.4. Identification of outliers

As expected, the measurements performed partially contain
erroneous data due to external disturbances and setup- or
specimen-specific characteristics. To make the data more com-
parable, the outliers are detected as exemplarily shown in
figure 10.

The identification of outliers is carried out in the frequency-
wavenumber domain. This is done because of the large linear
course of the data in this domain. In contrast, the course is
mostly non-linear in the phase velocity domain. Two main cri-
teria are used to identify and eliminate the outliers:

e All measurement data below and above a specified
wavenumber are sorted out. The minimum wavenumber
depends on the length of the measuring path of the respect-
ive specimen as described in Barth er al [30]. It is required
that the measurement path length must have at least ten
times the length of the maximum wavelength, i.e. minimum
wavenumber. The maximum wavenumber depends on the
distance between successive measuring points. It is assumed
that the spatial sampling frequency must be at least twice
as high as the highest wavenumber. The resulting minimum
and maximum frequencies are shown in table 8.

e Measurement data is sorted out by generating a fit of
the measurement data and determining outliers employing
a specified maximum error residual. In the wavenumber
domain, a linear fit function can be used for most measure-
ment ranges and thus the desired outliers can be detected
through a single step. In the frequency ranges in which a
linear function is not sufficient, a spline fit is used, which
approximates the function step by step and sorts out outliers.
For this, the number of measuring points in a certain area is
used as weighting for the used spline functions.

Additional reasons for sorting out data because of reappearing
measurement deviations are listed below:

e Due to a more inaccurate angular resolution in the LSV at
ES2 compared to ES1, data with high wavenumbers had to
be removed from consideration since a high scattering of the
results occurred in this range. The more prominent occur-
rence of this effect in the measurement of the strip speci-
men (ES2.S) compared to the ones in the plate specimen
(ES2.P.MS1 and ES2.P.MS2) can be attributed to the shorter
measuring path, see table 3, since a longer measuring path
can compensate for this effect to some degree.
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Table 8. Frequency-thickness ranges for different experimental setups and measurements.

(f'd)min (f'd)max A(f'd)
Setup Mode (kHz mm) (MHz mm) (kHz mm)

ES1.S Ao 43 2.04 0.51

ES1.S So 443 2.04 0.51

ES1.P Ao 43 2.04 0.51

ES1.P So 443 2.04 0.51

ES2.S Ao 43 0.68 2.04

ES2.S So 443 1.02 2.04

ES2.p Ao 26 0.96 2.04

ES2.p So 324 1.02 2.04
1,500 be seen that two SH-modes are superposing the Sy-mode in
this range. Here, ASH and SSH stand for an antisymmetric
and symmetric shear horizontal wave. This leads to interfer-
E 1,000 ences between the wavemodes and causes a disturbance in
g the evaluation of the Sy-mode. It should be noted that the
% frequency range of the perturbation differs slightly between
1; 500 the experimental data in figure 10 and the analytical data in
figure 11. A detailed discussion on the comparison of the
experimental data and the numerical solutions of the analyt-

0 ical framework is given in section 4.4.

0 02 04 06 08 1 12 14 16 18 2
f-d [I\'IHZ mm]

|-A0 <So  ASH SSH\

Figure 11. Dispersion diagram from analytical framework including
antisymmetric (ASH) and symmetric (SSH) shear horizontal waves.
Material parameters from [53].

e In the data sorting of the Syp-mode between 1.1 MHzmm
and 1.2 MHz mm a large number of outliers are particularly
striking, since they are repeated in all data sets. To explain
this effect, the numerical solution of the analytical frame-
work of the propagating waves must be considered. That this
solution is applicable here will be shown in the course of the
paper in section 4.4. The deviations can be explained by the
occurring shear horizontal wave modes (SH-modes) in this
frequency range. Figure 11 shows a representation based on
the numerical solution of the analytical framework. It can

o At frequencies above 1.8 MHz mm the wavenumbers of the
two fundamental GUW modes converge more and more.
This results in a superposition of the amplitude maxima in
the frequency-wavenumber matrix F ( f,7) during the detec-
tion and finally in an erroneous shift in the detection of both
modes. However, the shift is especially visible in the Sp-
mode, since the out-of-plane velocity has considerably smal-
ler amplitudes than for the Ayg-mode.

4. Results

In the following, the results of the measurements are compared
with each other and with the numerical solution of the ana-
lytical framework based on various criteria. The results are
structured as follows. Sections 4.1 and 4.2 address the repro-
ducibility and comparability of the measurements. Thereby,
the former considers the reproducibility with the same exper-
imental setup while the latter compares the comparability
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Figure 12. Dispersion diagram for two measurements using the
strip specimen with ES1.

between different experimental setups. The influence of the
specimen width on the measurement results is described in
section 4.3. A conclusion of the considerations is offered in
section 4.4 where a comparison of the measured data to the
results of the analytical framework is given.

It should be noted that the measurement data, as described
in section 3.3 are available in the frequency-wavenumber
domain. However, to ensure better comparability with other
publications, all subsequent comparisons are made using the
phase velocity ¢, = /0.

Despite the anisotropic material properties of the investig-
ated FML, the dispersion behavior is only presented for the
wave propagation in the fiber direction of the laminate. It is
assumed that the fundamental propagation behavior of the
GUW is comparable in all in-plane directions of an FML spe-
cimen although the propagation velocities will differ due to the
anisotropic material properties. Therefore, the experimental
results in a single propagation direction are sufficient to draw
the conclusions intended in this work. For results on the wave
propagation perpendicular to the fiber orientation, it is referred
to [70].

4.1. Validating the measurement method with the same
experimental setup

In this subsection, the reproducibility of the measurement res-
ults is investigated separately for both experimental setups.
This is done to check for the method’s reliability when gen-
erating GUW dispersion diagrams in FML. For each setup,
two independent measurements are performed. The specimen
is reinstalled and the LSV is moved between the two runs.
Moreover, the method is applied to a strip and a plate speci-
men, respectively, to show reproducibility for different speci-
men geometries.

4.1.1. Comparison of strip specimen measurements with ES1.
The reproducibility of the dispersion diagram results with ES1
is investigated using a strip specimen. The results of consec-
utive measurements are shown in figure 12.

1

Acyp ms1 - ms2/¢p ms1 [

|
02 04 06 08 1 1.2 2

f-d [MHz mm)]

«deviation between Ag.ES1.5.MS1 and Ag.ES1.5.M S2
«deviation between Sy.ES1.5.M S1 and Sy.ES1.5.M 52

0 14 16 1.8

Figure 13. Relative difference between two measurements using
the strip specimen with ES1.

It is visible, that the Ag-mode can be evaluated over a wider
frequency range than the Syp-mode. This is shown by the larger
frequency range with evaluable data points compared to the
So-mode. The reasons for the better detectability of the Ag-
mode are mainly due to smaller wavelengths and a higher out-
of-plane amplitude in the investigated frequency range. The
minimally detectable wavelengths for the fundamental Ay- and
So-mode, as described in section 3.4, correspond to minimal
frequency-thickness products of 43 kHz mm and 443 kHz mm,
respectively.

Figure 13 depicts a comparison of the two measurements
by plotting the relative difference. The results for both funda-
mental modes show only slight deviations with a maximum
error of approx. 3% and a mean relative difference of less than
1.5%. The larger scattering at the beginning of both detect-
able frequency ranges is the result of challenging measurement
conditions in these frequency regions. As the wavenumbers
become smaller with lower frequencies a larger measurement
path would be needed for improved results. As stated above,
the wavenumber of the two modes converges at higher fre-
quencies. The low amplitudes of the Sp-mode interfere with
the high amplitudes of the Ayp-mode, resulting in a challenging
wavenumber determination.

Considering the results shown here, it can be concluded that
the consecutive measurements on a strip specimen with ES1
are in good agreement.

4.1.2. Comparison of plate specimen measurements with
ES2. The results for the reproducibility investigation of ES2
are presented for a plate specimen. The same hardware is used
to conduct the two different measurements. As for ES1, the
overall course of the graphs for the two fundamental modes in
figure 14 are nearly the same for both measurements. In con-
trast to ES1, the maximum investigable frequency is limited
due to the hardware, as described in section 3.4. The minim-
ally detectable wavelengths correspond to minimal frequency-
thickness products of 26 kHz mm and 324 kHz mm for the Ao-
and Sp-mode, respectively.
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Figure 15. Relative difference between two measurements using
the plate specimen with ES2.

Figure 15 depicts the relative difference between the two
measurements. The maximum error is approx. 3%, while the
Ap-mode again shows slightly better reproducibility than the
So-mode. The mean relative differences for the Ag- and Sy-
mode are less than 1% and 0.5%, respectively.

In general, ES2 is also suited to generate dispersion dia-
grams in FML repeatedly at high quality. In conclusion, a
reliable generation of GUW dispersion diagrams in FML is
shown with both setups. However, differences in performance
between the two setups are to be expected, due to the differ-
ent hardware equipment. This will be further discussed in the
following section.

4.2. Validating the measurement results with different
experimental setups

Regarding data transfer and comparability in research cooper-
ations, the question arises, whether the presented method is

8,000
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z :
g 4,000 ;
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0! |
0 02 04 06 08 1 12 14 16 18 2
f-d [MHzmm]
¢ Ag.ES1.S.MS2  +S¢.ES1.8.MS2
Ag.ES2.8 S0.ES2.8

Figure 16. Dispersion diagram of strip measurements with ES1 and
ES2.

applicable with different experimental setups. The hypothesis
is that the method can equally be applied to different setups,
while the temporal and spatial resolutions, as well as measure-
ment lengths and durations, define the investigable frequency-
thickness product range.

In section 4.1, the reproducibility of the measurements was
shown when using the same experimental setup. Now, the
comparability of the measurements for an identical specimen
is investigated by comparing the two measurement setups ES1
and ES2. For better comparability, the strip specimen is selec-
ted because of the same measurement path lengths, see table 3.

As mentioned in section 3.2, the measurement setups
are different with regard to the possible frequency range.
Therefore, the comparison is restricted to the frequency lim-
its in table 8. Besides this, the setups should produce com-
parable data with slightly clearer results for ES1 due to the
overall qualitatively better measurement devices. This is vis-
ible from the smoothness of the data in figure 16, where the
effect is more pronounced in the Sy-mode due to the consist-
ently lower measured wavenumbers. Otherwise, the graphic
shows the expected picture, namely that both measurement
setups can clearly show the course of the dispersive rela-
tionship. However, as expected, the detection of the Ap-mode
yields significantly better results, which is partly due to the
higher wavenumbers as well as the higher out-of-plane amp-
litudes in comparison to the So-mode. Figure 17 provides a
more detailed insight into the differences of the measurements
by giving the percentage deviations of the measurements with
respect to the measurement of ES1. It can be seen that despite
of the different setups, only a small measurement deviation
occurs, with a maximum of 4% and an average difference less
than 2% between the setups. The better evaluability of the Ag-
mode compared to the Syp-mode is thereby reflected in a sig-
nificantly smaller scatter of the deviations. In conclusion, the
measurements can be compared in FML even with different
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measurement setups, which enables data transfer in research
cooperations.

4.3. Validating the measurement results with different
specimen sizes

In this subsection, measurements on strip and plate specimens
are compared in order to investigate the influence of the
specimens width. Generally speaking, specimens with large
dimensions are always advantageous for the determination
of GUW propagation phenomena, since reflections have less
influence on the measurement [71]. The geometries of the strip
and plate specimen under investigation are presented in table 3.
ES1 is chosen for comparison of the strip specimen to the
reference plate since it covers a larger frequency range, see
section 3.2.

Figure 18 shows the dispersion relation of the Ag- and Sp-
mode for both measurements. Overall, no significant differ-
ences occur between the measurement in the plate and the strip
specimen. The largest deviations occur in the frequency range
of 1-1.2MHz due to the crossing of the SH-modes as dis-
cussed in section 3.4. Therefore, the larger deviations of the
two measurements in this region cannot necessarily be attrib-
uted to the specimen geometry.

This is supported by the difference plot in figure 19. It can
be seen, that the mean difference between the plate and strip
specimens is below 2%, which is in the same range as the
reproducibility of the measurement itself. Therefore, no sig-
nificant difference between strip and plate specimen for the
Ap-mode can be detected.

As expected, there is more scattering in the relative dif-
ference for the Sp-mode. However, the absolute difference
is less than 5% and for frequency-thickness products below
1 MHz mm, the mean difference is below 2%. Although the
So-mode difference is slightly higher compared to the previous
measurements in this work, it is still considered reasonable.

The use of a strip specimen instead of a large plate spe-
cimen is applicable for the dispersion diagram generation in

8,000
6,000 | \ f
- )
~ )
£
< 4000 s |
2,000 e —
0 | |
0O 02 04 06 08 1 12 14 16 18 2
/- d [MHzmmn|
«Ag.ES1.P *So.ES1.P
Ag.ES1.S.MS2 So.ES1.5.MS2
Figure 18. Dispersion diagram of strip and plate measurements.
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Figure 19. Relative difference between strip (S) and plate (P)
measurements.

this setup. The measurements shown indicate that for the con-
sidered frequency range the use of strip specimens with a
width of 110 mm instead of plates has only little effects on the
results. Therefore, the use of strip specimens is very advant-
ageous for cost reasons. It should be noted, that the statements
made here about the usability of a strip specimen only refer to
the here used specimen width and frequency region. However,
the use of even narrower strips might increase the problem of
edge reflections significantly.

4.4. Comparison of experimental results and results from
analytical framework

In this section, the experimental dispersion relations are com-
pared to data from the numerical solution of the analytical
framework in section 2.2. For simplicity, this solution will
be referred to as the analytical solution in the following. The
measurements of the strip specimen in ES1 are used for the
comparison. For the analytical solution two sets of material
parameters, those from Horberg [52] and Johnston [53], are
used to take into account the variations of these parameters
from the literature.
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analytical solutions for the Ag-mode with different material
parameters from literature [52, 53].

In figure 20, the analytical solutions are plotted against
the measurement of the strip specimen in ES1 for the Ag-
mode. The course of the measured data in the considered fre-
quency range is in good agreement with the analytical val-
ues. Figure 21 shows that the percentage deviation between
experimental and analytical data is in the single-digit range for
both analytical solutions. It can be stated that the parameters
from [53] provide the more suitable solution, with deviations
below approx. 5%.

In figure 22, the same comparison is shown for the Sp-
mode. Once again, the course of the measurement data is
similar to that of the analytical solution. In contrast to the
Ap-mode, larger differences can be found in the Sy-mode for
certain frequency ranges. In the range from 0.9 MHz mm to
1.2 MHz mm, which contains the sharp decrease in phase velo-
city, a horizontal shift of this drop can be observed. This
is also clearly visible in figure 23. However, the high devi-
ations are mostly due to the shift between the frequency ranges
where the sharp decrease in phase velocity occurs. In gen-
eral, there is good agreement up to approx. 0.9 MHz mm and
for frequency-thickness products higher than 1.2 MHz mm.
Again, the material data set from [53] shows better agreement
to the experimental data compared to the material parameters
found in [52]. In addition, it can be assumed that an adjust-
ment of the material parameters within a reasonable range
would lead to a further improved agreement between the ana-
lytical and the experimental data. The investigation of the indi-
vidual material parameters required for this purpose will be
considered in depth in the further course of this research.

Another aspect that was not considered so far is the inher-
ent manufacturing-induced residual stress state in the FML.
Interlaminar stresses develop in the CFRP-steel specimen,
mainly due to the difference in the coefficients of thermal
expansion between steel and CFRP, in combination with tem-
peratures of up to 180 °C during the manufacturing process.
This stress state results in inherent tensile stresses in the metal
layers and compressive stresses in the fiber layers after curing.
For the layup at hand, the metal layers are subjected to signi-
ficant tensile stresses that account for up to 20% of its tensile
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Figure 21. Relative difference between strip measurements and
analytical solution for the Ap-mode with different material
parameters from literature [52, 53].
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Figure 22. Dispersion diagram of strip measurements and
analytical solution for the Syp-mode with different material
parameters from literature [52, 53].

strength [72, 73]. The residual stresses in the CFRP layers,
on the other hand, suggest that parameters in the compression
range would have to be taken into account for this material.
These parameters can deviate from those in the tensile range,
see [50]. However, this internal stress state is not yet accoun-
ted for in the analytical calculation and might be an additional
reason for the deviations between analytical and experimental
data.

The comparison between the experimental results and those
from the analytical framework shows that the basic analytical
relationships known from the literature seem also applicable
to the material used here. Considering the numerical results
of [22] regarding the displacement fields of GUW in FML,
the agreement of the dispersion relations between analytical
and experimental results indicates that the occurring displace-
ment fields in the here considered frequency ranges extend
throughout the thickness of the waveguide. Nevertheless,
further investigations are necessary to validate this
indication.
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5. Conclusion

This work extends the existing research on the propagation
of GUW in FML to gain a better understanding of the fun-
damental relations for this type of material, with the focus
on experimental data, as there is a gap in the existing liter-
ature in this area. For this purpose, experimentally determined
propagation properties of these waves for a material consist-
ing of CFRP and steel have been compared with the numerical
results of the analytical framework known for isotropic and
layered materials.

Therefore, a method based on multi-frequency excitation
signals and an evaluation via 2d Fourier transformations,
which has been successfully used in isotropic materials, is
extended to FML to experimentally determine the dispersion
relationships of the GUW over large frequency ranges. The
results were successfully reproduced with repeated measure-
ments, different measurement setups as well as different speci-
men geometries. The investigations carried out in strip-shaped
specimens should be emphasized, which illustrates the applic-
ability of the method in the case of highly restricted sample
geometries. Comparable to the use in isotropic materials, a
very high accuracy could be achieved in FML that exhibits
a strong anisotropic and inhomogeneous behavior.

A comparison between the experimental data and data from
numerical solutions of the analytical framework shows an
excellent agreement. Small differences can be explained by
deviations and uncertainties in the material parameters used.
The small differences between the experimental and analytical
solutions show that the assumed analytical relations, which
are based on isotropic materials, can be extended to FML
with high impedance jumps between the layers. Based on this
assumption, the comparison with [22] indicates, that the waves
in the considered frequency range extend throughout the thick-
ness of the material. The investigations carried out in this work
only represent a part of the necessary investigations, to fully
confirm this assumption. Nevertheless, these findings provide

a profound basis for the evaluation of GUW-based SHM in
FML.

In the further course of the research, the measurements
are to be extended and supplemented by modeling using
FEM. The investigations will deal with the influences of
manufacturing-related residual stress states in FML, to provide
a fundamental understanding of the influence of these stress
states on wave propagation.
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