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Abstract. Within the frame of the publicly co-financed “MAIzfp” project, a highly 
promising ultrasonic data acquisition technique, termed Full Matrix Capture (FMC), 
is used in this paper to detect real defects in carbon fiber-reinforced plastics (CFRP) 
(i.e. impact damages). With this approach, a full raw data set of time domain signals 
(A-Scans) from every transmitter-receiver pair in an array probe is individually 
collected, stored and subsequently reconstructed as an image. The most common 
reconstruction algorithm for FMC data is the Total Focusing Method (TFM) in 
which all individually collected signals are time-shifted and combined to synthesize 
a focus at every voxel in the resulting image. This algorithm assumes a point source 
model where spherical ultrasonic waves are emitted at a particular propagation 
velocity. These assumptions may apply in particular test situations, but not when 
conducting FMC on CFRPs. Especially, directional sound velocity variations within 
these composites have to be considered in the image reconstruction procedure. 
 This paper describes the essential requirements (e.g. influence of the beam 
directivity) to successfully apply Full Matrix Capture for the testing of anisotropic 
and inhomogeneous CFRP materials. Of particular concern is the modification of 
the TFM algorithm in order to incorporate the anisotropic sound velocity data of 
CFRP. Therefore, we present two methods to obtain an angular sound velocity 
profile. First, the experimental Backwall Reflection Method and second, a forward 
modeling approach. FMC measurements on impact damages are performed with a 
standard phased array controller using a sound velocity corrected TFM algorithm.  

Introduction  

The global demand for carbon fiber-reinforced plastic (CFRP) materials is still increasing 
and an end of growth is still unforeseeable [1]. These anisotropic composites usually 
consist of two or more different types of materials, namely carbon fibers that are embedded 
in a polymer matrix. The reinforcing fibers provide a high tensile strength and stiffness in 
fiber direction. However, typical composite structures have to be designed in a way, that 
many load directions are covered. Therefore, they are typically constructed as a laminates – 
a multilayered structure of carbon fiber plies with different orientations. 
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The high stiffness and strength-to-weight-ratio of CFRPs are the main reasons to 
use these composites for the manufacturing of lightweight components, like in the 
aerospace, automotive or energy sector. Inevitably, certain defect types (e.g. porosity, 
delaminations, fiber undulations or impact damages) may occur during production, 
maintenance or operation. Thus, reliable non-destructive testing (NDT) techniques are 
essential for quality assurance of these often expensive and safety relevant composite 
structures – especially those methods that have the capability of rapidly detecting even 
smaller sized defects [2]. These requirements could be fulfilled by a highly promising 
ultrasonic data acquisition technique, termed “Full Matrix Capture” [3].  

In the case of ultrasonic inspection of CFRPs, high sound velocity variations within 
these anisotropic materials can impede, e.g. the application of angle-beam techniques. 
Therefore, ultrasonic inspection of CFRP is usually conducted by using normal incidence 
longitudinal waves, which are particularly sensitive to surface parallel defects like 
delaminations [4], but also very challenging to use for the detection of out-of-plane defects 
like fiber undulations or cracks perpendicular to the surface.  

With the Full Matrix Capture approach, a full raw data set of time domain signals 
(A-Scans) from every transmitter-receiver pair in a phased array probe is individually 
collected and stored. This data is then usually reconstructed with a SAFT-like (“Synthetic 
Aperture Focusing Technique”) algorithm, termed “Total Focusing Method” (TFM), which 
both apply distinct time delays to the individual signals prior to their summation. The 
general form of the TFM (described by Holmes et al. [3]) assumes an isotropic sound 
velocity in the test object, which does not apply for CFRPs. The angular sound velocity 
profile of the tested CFRP material is essential information to properly reconstruct FMC 
data. Otherwise, possible defects will appear distorted in shape and size [5, 6], cannot be 
positioned properly or do not (directly) appear in the reconstructed image [4, 7]. 

 
This paper starts with a description of the Full Matrix Capture data acquisition 

technique and the Total Focusing Method as an imaging algorithm. We focus on the 
essential requirements to successfully apply FMC for the testing of CFRP materials. We 
also point out that certain probe parameters, like the element width and the center 
frequency, have to be chosen carefully in order to exploit the potential of the FMC-TFM 
combination. Of particular concern is the modification of the Total Focusing Method [3] to 
incorporate anisotropic sound velocity data of CFRPs into this imaging algorithm. Two 
methods to obtain the required group velocities over a wide range of discrete angles are 
presented. First, an experimental technique – a corrected version of the Backwall Reflection 
Method (BRM) [4] – is presented; second, a numerical modeling approach – using the 
Structural Mechanics module of Comsol Multiphysics – is shown. This forward approach 
was only applicable, since a complete set of material parameters of the used samples (i.e. 
anisotropic stiffness matrix, density and ply lay-up) was available within the “MAIzfp” 
project. In the end, we focus on testing of real defects, i.e. impact damages in thin (~ 4 mm) 
CFRP samples. Therefore, measurements are performed with a standard phased array 
controller (Focus LT from Olympus). The FMC recorded ultrasound data is then 
reconstructed by using a velocity corrected TFM algorithm.  

1. Full Matrix Capture & Total Focusing Method 

Holmes et al. [8] (University of Bristol) coined the term “Full Matrix Capture” in 2004. 
They described the first NDT application of this ultrasonic data acquisition technique, 
albeit the basic measurement principle already existed in other publications (e.g. [9, 10]). 
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The Fraunhofer Institute for Nondestructive Testing (IZfP in Saarbrücken, Germany) 
developed a similar technique, termed “Sampling Phased Array” [11].  

During the Full Matrix Capture data acquisition process, each single element in an 
array transducer is pulsed one after another while all elements, including the transmitter, 
are set to receive mode (see Fig. 1). Thus, a complete raw data set of discrete time domain 
signals ݔRሺtሻ from every transmitter-receiver pair in an array probe is independently 
collected and stored. This data can be reconstructed as an image in a subsequent post-
processing step [3, 8]. The high number of recorded signals (an array transducer with � 
elements produces �ଶ signals during a full FMC pulse cycle) can be organized into a 
quadratic information matrix � = �ሺ௜,௝ሻ. The indices ݅ and ݆  correspond to the element 
number in transmission and reception, respectively [11]. 
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Fig. 1. The top view illustrations of the elements of a linear phased array probe (left) indicate the transmitting 
 elements within the first two FMC cycles. Element one is pulsed during the first (࢐) and the receiving (࢏)
cycle, while all elements capture � independent time domain signals ࢞�ሺ�ሻ. By sequentially shifting the 

transmitting element throughout the array, � acquisition cycles are passed through, producing �� signals in 
total. The corresponding data allocation in � is shown on the right. 

One of the main advantages of FMC is that any imaging algorithm can be applied to the 
recorded data set, such as the Total Focusing Method (TFM) by using all the data in � or 
the Synthetic Aperture Focusing Technique (SAFT) by reconstructing only the pulse-echo 
data on its main diagonal [11, 12]. Thus, once the FMC raw data is stored, it is fully 
auditable and any arbitrary beam profile can be digitally recreated [3].  

Compared to multi-element aperture approaches using � elements, the total 
acoustic power from a single-element transmission during the FMC process is lower, 
resulting in a reduced electronic signal-to-noise-ratio (SNR). According to Holmes et al. 
[3], image reconstruction by using the TFM has an averaging effect which tempers the SNR 
degradation to an amount proportional to √�. Simultaneous pulsing of adjacent elements in 
a linear phased array probe increases the transmitted ultrasonic energy (and hence the SNR) 
– but also the directivity of the sound beam [10]. This limitation of angular response is 
often undesired, such as when FMC data is reconstructed with the TFM. In its general form 
[3], this imaging algorithm assumes a point source model where spherical waves are 
emitted and ultrasound is propagating perpendicular to the wave fronts [11, 12]. This point 
source model can be valid in a particular test situation (up to a certain extent), mainly 
depending on the element width, test frequency and wavelength within the tested material. 
However, these parameters have to be chosen carefully to exploit the full potential of the 
FMC-TFM combination. 

The TFM can be classified as a “delay-and-sum” algorithm, which synthesizes a 
focus at every voxel of the reconstructed image (in transmission and reception) by defined 
time shifts and summation of all signals from � [3, 13]. At the beginning of the 
reconstruction process, a region of interest (ROI) in the ݔ-� plane is defined and discretized 
into a grid, as it is shown in Fig. 2. The individual time delays ݐ௜ for all transmitter-receiver 
combinations are calculated by first determining the sound path ݏଵ from the transmitting 
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element (T) to the focal spot at (ݔ௙ , �௙) and ݏଶ from the latter to the receiving element (R). 
The sound velocity ܿ௜ of the test object – which is in the anisotropic case a function of the 
angle �௜ – leads to the individual time delays ݐ௜ [4].  
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Fig. 2. Illustration of the Total Focusing Method in CFRP materials using a linear phased array probe with � 
elements. The sound velocity in the laminate depends on the composite itself (e.g. fiber type, matrix material, 

fiber volume fraction), the orientation of the probe in the ࢞-࢟-plane and most importantly on the angle �࢏. 
The intensity value � of a reconstructed voxel at (ݔ௙ , �௙) in the TFM image  

௙ݔ)� , �௙) = |∑ ∑ ሻNݐ೔,ೕሺ�ݔ
௝=ଵ

N
௜=ଵ | = |∑ ∑ ೔,ೕ�ݔ (t = ଵܿଵݏ] + ଶܿଶ])Nݏ

௝=ଵ
N

௜=ଵ |, (1) 

can be expressed by equation (1), where ݔ�೔,ೕ corresponds to the (݅, ݆) entries of �. 
One of the key advantages of the TFM algorithm is its flexibility in terms of 

adaptability (e.g. incorporating anisotropic sound velocities [4, 7] or considering beam 
directivities [12]), which can enhance the image quality.  

2. Experimental configuration  

A standard phased array acquisition unit from Olympus (Focus LT) and its inspection 
software TomoView was used. In general, this combination does not provide a FMC 
acquisition mode. However, a number of focal laws – each of them containing one 
transmitter-receiver element combination – had to be defined for FMC testing. Although 
the Focus LT is limited to 256 programmable focal laws, only 255 could be imported by the 
software. Thus, FMC was carried out with the maximum number of 15 elements (225 focal 
laws). Matlab was used for signal processing. Two linear probes with 64 elements from 
Olympus were used without a wedge; first, a 2.25 MHz probe (2.25L64-A2; 0.75 mm 
element pitch) and; second, a 5 MHz probe (5L64-A2; 0.60 mm pitch).  

Since the aperture is limited to 15 elements and the focal laws could not be 
multiplexed across the entire aperture of the transducer, physical probe movement had to be 
conducted with a three-axis manipulator. Here, the probes were in direct contact with the 
test samples by using oil as a couplant.  

Two CFRP samples were tested, both following a quasi-isotropic lay-up and having 
the same epoxy resin matrix. Sample I was an impacted specimen and consisted of 20 
unidirectional plies (each being 0.20 mm thick), having a variable laminate thickness 
between 3.5 mm and 3.9 mm. Sample II  was 10.5 mm in thickness, had no defects and 
consisted of 80 woven layers (0.13 mm each). 
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3. Angular Sound Velocity Profile of CFRP 

The TFM algorithm [3] is based on coherent superposition of returning echo signals from 
scatterers and on incoherent noise cancellation. Thus, accurate time-of-flight calculations – 
which rely on precise sound velocity data – are essential for the reconstruction, e.g. to avoid 
distortion of defects in the images, caused by unwanted phase conditions in the focal spots 
(i.e. the reconstructed voxels). 

Focusing of ultrasonic beams in CFRP laminates is influenced by the fiber plies, as 
the sound velocity changes with their orientation and the beams are refracted at different 
angles within each interface [7] (Fig. 3). Thus, a homogenization approach [14] for the 
composite in the ݔ-� plane is necessary to incorporate angle dependent sound velocities 
into the TFM algorithm. The multilayered laminate is therefore replaced by a single 
homogeneous but still anisotropic material. Hence, the individual positions of the entering 
(Penter) and the exiting point (Pexit) of an incident plane wave are identical on both surfaces, 
irrespectively of considering a heterogeneous or homogeneous material. The ply-individual 
sound velocities ܿ௜ in the ݔ-� plane can now be replaced by a single (angle dependent) 
group velocity, which describes the velocity of the acoustic energy (i.e. wavefront 
propagation in the material). Now, in any point of the ݔ-� plane in the material, the velocity 
profile is identical [4]. Since an average acoustic energy direction is assumed, some 
accuracy in positioning is lost, but it is still assumed to be minimal when considering 
typical ply thicknesses in the range of 0.2 mm [7]. 
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Fig. 3. Homogenization approach for CFRP laminates (according to [14, 15]). An incident plane wave at Penter 
is refracted at different angles within each ply interface before exiting the composite at Pexit, since the sound 
velocity changes with the ply orientation (left). The homogenization of the material in the ࢞-ࢠ plane (right) is 

necessary to incorporate angle dependent sound velocities, although some accuracy in positioning is lost. 

Some methods are proposed in the literature to obtain angular sound velocity data of 
CFRP materials. First, the Velocity Variation Compensation (VVC) method [7]; second a 
through-transmission method using two phased array probes [4]; third the Backwall 
Reflection Method [4]; and fourth, using a forward approach via modeling. The last two are 
presented in this section. 
 
3.1 Backwall Reflection Method (BRM) 
 
The Backwall Reflection Method [4] is a straightforward approach to measure a set of 
discrete group velocities at different angles �. It requires a flat composite laminate with 
parallel front and back surfaces, a phased array probe placed on the test object and a single 
FMC transmission cycle (Fig. 4). Since the geometric positions of the back-wall and the 
individual elements are known, up to � group velocities can be obtained by identifying the 
arrival time of the back-wall echo in the individual A-Scans. The highest angle that can be 
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theoretically covered ����,�ℎ = ta�−ଵ[� ∙ ሺ� − ͳሻ/ʹ݀] is a function of the element pitch �, 
the number of elements � and the laminate thickness ݀. 
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Fig. 4. Illustration of the Backwall Reflection Method to obtain angular group velocities of CFRP by using a 
linear phased array probe. Up to � different group velocities can be obtained, since the back-wall echo in the 
recorded time domain signals occurs at the midpoint between the transmitting and the receiving element. The 

geometric positions of the back-wall related to the individual elements have to be known. 

To obtain the velocity profile of the impacted CFRP material, the BRM was applied to a 
non-defective region of sample I by using the 5 MHz probe and 64 individual focal laws for 
the first FMC transmission cycle (i.e. the first element was always used as a transmitter). 
However, as shown in Fig. 5, only eight group velocities at different angles (up to 28°) 
could be obtained, as the back-wall echo could not be identified at element combinations 
higher than T1R8 – i.e. element one was pulsed (T1) while element eight was in receive 
mode (R8). 

 

   
Fig. 5. Three recorded A-Scans from the BRM data acquisition using the first element as the transmitter (T1). 

The receiver is shifted along the aperture, from R1 (left), over R4 (middle) to R8 (right). Note that, the 
maximum of the back-wall echo is slightly shifted along the time axis (position of the vertical line) and loses 

signal height (-22.6 dB at the T1R8 combination compared to T1R1).  

It is obvious that the point source model (described in section 1) is not valid in this test 
situation and that the directional characteristic of the transmitter has to be taken into 
account. According to [16], the divergence angle at -6 dB of a rectangular shaped element  �−6 ௗ� = si�−ଵ (Ͳ.44 ∙ ݓ� ), (2) 

is a function of the wavelength � and the element width ݓ (i.e. ݓ in the plane in which the 
angle is measured). When assuming an isotropic sound velocity in CFRP of 3000 m/s 
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(which is a realistic value on the beam axis), equation (2) leads to a divergence angle of 
around 30° for the 5L64-A2 probe (element width: 0.52 mm), which may explain the signal 
drop at higher element combinations. Since the sound path increased by only 1 mm at the 
T1R8 combination (compared to T1R1), absorption effects are assumed to be negligible. 
Scattering caused by refraction at the individual ply interfaces of the composite may not be 
neglected, since the wavelength at 5 MHz (0.6 mm) is not significantly higher than the 
individual ply thickness (0.2 mm). Hence, the homogenization approach described at the 
beginning of this section may not be valid in this test situation.  
 We assume that the limited divergence angle explains the signal drop of the back-
wall echo at higher element combinations, as shown in Fig. 5. It is expected that ongoing 
simulations of the acoustic field of a single transmitting element in the tested composite 
material will give further proof to this statement.  
  Similar results were obtained with the 2.25 MHz probe (element width: 0.67 mm) 
and the CFRP sample I. According to equation (2), the divergence angle of a single element 
is approximately 61°. Therefore, 19 group velocities at angles up to 60° could be 
calculated. These experimental results will be directly compared with the modeled results 
in subsection 3.2. 
 
In general, angular measurements with the BRM are limited by geometric parameters (i.e. 
laminate thickness, element pitch and number of elements) and by the ability to accurately 
identify the back-wall echo at higher angles [7]. The BRM was also applied to sample II by 
using the 2.25 MHz probe. In total, 48 group velocities – up to 58° – could be obtained 
(Fig. 6), which shows once again that the highest experimentally obtainable angle ����,௘�� 
can be roughly estimated by equation (2).  

However, in order to incorporate this velocity data into the TFM algorithm, a third-
degree polynomial function had to be fitted to these data points. For validating this fit for 
higher angles (θ > 58°), an additional through-transmission velocity measurement 
(350 kHz) was performed in fiber direction (θ = 90°), which differed from the fitted model. 
Therefore, the additional data point was used for a new third-degree polynomial fit to 
correct the velocity model for higher angles.  
 

 
Fig. 6. Angular sound velocity profile of CFRP sample II obtained with the Backwall Reflection Method. In 

total, 48 group velocities (up to 58°) could be calculated. The model was corrected for higher angles by 
adding an additional through-transmission velocity measurement data point (90°). The data points were fitted 

to a third-degree polynomial function which could be incorporated into the TFM algorithm.  
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3.2 Modeling 
 
As an alternative approach to obtain information on the angular sound velocity 

profile accompanying modeling was carried out by finite element modeling (FEM) using 
the Structural Mechanics module of Comsol Multiphysics. Following the experimental 
setup, we excited a Gaussian enveloped 5 MHz pulse defined at a point location at the top 
surface of the modeled CFRP sample I. Signals were then evaluated with respect to their 
arrival at the bottom surface of the sample. Transmission angles ranging from 0° to 81° 
were evaluated in 2° increments. The numerical procedure to model ultrasonic wave 
propagation was previously validated throughout a series of publications [17, 18] and 
provides sufficient accuracy to yield accurate results from composite materials. The model 
was implemented in a 3D approach to respect the anisotropic nature of the composite. Each 
ply layer was explicitly modeled to account for the difference in orientation of the ply. The 
model uses the full anisotropic stiffness matrix in combination with the material density as 
linear elastic materials model which was previously validated against experimental 
measurements. Computations were carried out using a convergent setting composed of 
0.25 mm mesh size and a 2.0 ns time step applying a generalized-α solver. 

To evaluate the propagation velocity, the point displacement is evaluated at distinct 
points at the bottom of the CFRP sample (directly opposed to the source position, cf. cross-
section of volume in Fig. 7). The detected direct signal arrivals were evaluated to obtain 
their group velocity by means of the frequency-analysis routines. To this end, Choi-
Williams distributions [19] as seen in Fig. 8 were computed in Matlab to obtain the correct 
group signal arrival time by finding the maximum intensity of the Choi-Williams 
coefficients. Correction was then made relative to the maximum of the sending pulse and 
the resulting time-of-flight was then related to the metric distance of the points (i.e. 
22.15 mm for an 80° angle).   
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Fig. 7. Detection points at the bottom of the CFRP sample where the point displacement is evaluated in order 

to assess the propagation velocity. 

The evaluation results of the model are plotted in Fig. 9 as group velocity as function of 
angle. The points are the results obtained from FEM, with the green solid line being a fifth-
degree polynomial to interpolate the data. In addition, the same figure shows 19 
experimental BRM results of the same material system obtained with the 2.25 MHz probe. 
A third-degree polynomial function was fitted to these data points. The fifth-order 
polynomial fit for the FEM data was chosen, since it describes the lower angular group 
velocity range more accurately.  

When comparing both results of the angular sound velocity profile in Fig. 9, a 
correlation between the FEM and the BRM data is clearly visible. The behavior of both 
fitted curves (up to angles that can be experimentally covered) is quite similar, with the 
BRM data having an offset to higher group velocities.  
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Fig. 8. Identification of the correct group signal arrival time by finding the maximum intensity of the Choi-

Williams [19] coefficients.  

 

 
Fig. 9. Comparison of the angular sound velocity profile of CFRP sample I obtained with a finite element 

modeling (FEM) approach and with the experimental Backwall Reflection Method (BRM). 42 group 
velocities (up to 81°) could be computed and 19 group velocities (up to 60°) were experimentally determined. 

4. Modification of the TFM algorithm 

FMC testing was conducted on the impacted CFRP sample I (150 mm × 100 mm) by using 
the 5 MHz probe. Due to the technical limitations described in section 2, it was only 
possible to use an active aperture of 15 elements for data recording. Since the focal laws 
could not be multiplexed across the entire aperture of the linear phased array transducer, 
physical probe movement was conducted with a three-axis manipulator. Intensity maxima 
in the middle of the reconstructed image below the active aperture (caused by the limited 
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divergence angle described in section 3) caused a striped pattern in the reconstruction 
results (Fig. 10). This effect was tempered by overlapping the apertures during FMC data 
acquisition, and can still be seen in the test results in Fig. 10.  
 Since the geometric positions of the individual elements and the voxels are known 
(see, e.g. Fig. 2), the angles �௜ could be calculated for every element-voxel combination. 
By using the angular sound velocity profile of the material, the individual time delays are 
calculated with the corresponding propagation velocities within the TFM reconstruction 
procedure. The voxel intensities �(ݔ௙ , �௙) were computed according to equation (1), by 
using the signal envelope of the time domain signals. Fig. 10 shows a velocity corrected 
TFM result of the FMC acquired data for CFRP sample I.  

 

  
Fig. 10. The TFM imaging results of CFRP sample I show a subsurface cross-section of the test object 

parallel to the surface. The contrast to the background of the two delaminations in the middle of the velocity 
corrected image (right) is higher than in the TFM reconstructed image with a constant sound velocity (left). 

5. Conclusions and Outlook 

With this paper we focused on the essential requirements to successfully apply Full Matrix 
Capture as a data acquisition technique to test CFRP materials. We pointed out that certain 
probe parameters, like the element width or the center frequency, have to be chosen 
carefully to exploit the potential of the FMC-TFM combination. The point source model 
(see section 1) is not valid while testing thin (~ 4 mm) CFRP materials. These findings can 
be transferred to the testing of thicker laminate structures, as it seems to be beneficial not to 
use the entire data from the information matrix � for imaging the closer subsurface area 
below the transducer. Similar findings were reported by Li et al. [15] who limited the angle 
of wave propagation in image formation. In other words, they fixed the aperture size at 
distinct image depths in order to improve the SNR.  

We agree on the result of Yan et al. [7] that the Backwall Reflection Method is a 
quick and straightforward approach to obtain the sound velocity profile of the test object, 
which makes this technique especially suitable for industrial applications. Nevertheless, we 
showed that the application of the BRM is often limited and why modeling of sound 
velocities can be also very beneficial in certain test situations. We conclude that limiting 
the angle of wave propagation in the reconstruction process does not necessarily require 
sound velocities in the higher angular range as we described in section 3. 

The velocity corrected TFM algorithm is essential for ultrasonic imaging of CFRP 
composites. But, so far we have almost neglected the heterogeneous nature of these 
materials, which will be a topic for further research. In addition, we will use a modified 
setup (i.e. new probes especially designed for polymer materials and a new acquisition unit 
which is really suitable to perform FMC) which will facilitate the application of FMC. 
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