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Abstract. Beginning with the aerospace industry, fibre reinforced plastics have 
spread towards many applications such as automotive, civil engineering as well as 
sports and leisure articles. Their superior strength and stiffness to mass ratio made 
them the number one material for achieving high performance. Especially 
continuous fibre reinforced plastics allow for the construction of structures which 
are custom tailored to their mechanical loads by adjusting the paths of the fibres to 
the loading direction. The two main constituents of CFRP are carbon fibres and 
matrix. Two possibilities for matrix material exist: thermosetting and thermoplastic 
matrix. While thermosetting matrix may yield better properties with respect to 
thermal loads, thermoplasticity opens a wide range of applications due to 
weldability, shapeabilty, and compatibility to e.g. injection moulded thermoplastic 
materials.  
 Thin (0.1 mm) thermoplastic continuous fibre CFRP tapes with a width of 100 
mm were examined using air-coupled ultrasound. Transducers were arranged in 
reflection as well as transmission setup. By slanted incidence of the ultrasound on 
the tape surface, guided waves were excited in the material in fibre direction and 
perpendicular to the fibre direction. Artificial defects – fibre cuts, matrix cuts, 
circular holes, low velocity impacts from tool drop, and sharp bends – were 
produced. Experiments on a stationary tape showed good detectability of all 
artificial defects by guided waves. Also the effects of variation in material 
properties, fibre volume content and fibre matrix adhesion being the most relevant, 
on guided wave propagation were examined, to allow for quality assessment. 
Guided wave measurements were supported by destructive analysis. 
 Also an apparatus containing one endless loop of CFRP tape was constructed 
and built to simulate inline testing of CFRP tapes, as it would be employed in a 
CFRP tape production environment or at a CFRP tape processing facility. The 
influences of tape conveying speed on detectability of artificial defects as well as 
material properties were elaborated and recommendations for implementation in 
production scale inline monitoring are given. 

Introduction  

Fiber composite components with thermosetting matrix are widespread in everyday life, 
reaching from automotive applications and aviation industry to sports and medical 
equipment. Due to their excellent strength-to-weight and stiffness-to-weight ratios, carbon-
fibers are often used as the material of choice for lightweight composite materials. A 
downside of composite materials is their comparatively complex production processing. 
Therefore the use of pre-impregnated composites (prepregs) has significantly increased 
over the last years. 
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Whilst most prepregs are manufactured from carbon-fiber and thermosetting matrix, 
latest developments tend to replace the thermosetting with a thermoplastic matrix, 
especially with regard to automotive applications. The most common method of production 
is the pultrusion process, impregnating the fibers with molten thermoplast pellets. After the 
pultrusion process the carbon-fiber reinforced prepreg with thermoplastic matrix  
(CFR-Tape) is wound on a spool and ready for further processing [1]. 

Major industrial utilization nowadays requires an extensive quality management for 
each product. Regarding the production process of the tapes, carbon fibers and the matrix as 
the original material have already passed quality inspections during their manufacturing, 
whereas the inspection of the end-product is up to the tape producer.  

For the analysis of the tapes air-coupled ultrasound testing was chosen because it is 
a well-known technique, it does not need any radiation shielding or coupling agent and 
offers a range of possible experimental set-ups [2]. Besides that, non-destructive testing 
may be part of an inline-quality inspection, just as demanded within the upcoming concept 
of “industry 4.0” [3]. With air-coupled ultrasonic testing being increasingly used in 
automotive and aerospace inspection applications, many groups currently develop new air-
coupled transducers, providing larger bandwidths and higher sensitivity. Recent research 
was performed on the electromechanical response of polypropylene ferroelectret 
transducers [4], air-coupled cellular polypropylene transducers as mentioned in [5], as well 
as the resonance-free measuring and excitation of ultrasound [6]. 

Simulation of Ultrasound Propagation  

Consisting of two materials, carbon fiber and polyamide 6, with quite different elastic 
properties the tape shows anisotropic material behavior similar to other composite 
materials. For the simulation of ultrasound propagation, the computer program “Disperse” 
[7], developed at the Imperial College London was used. With the program only accepting 
a single set of homogenized material parameters, the elastic properties of both materials 
have to be combined, applying Puck’s and Jones’ laws [7]. Based on the calculated elastic 
properties the simulation program starts computing the dispersion curves with the 
calculated phase velocities listed below.  

Table 1: Calculated phase velocities for f = 500 kHz 

 va0 acc. to Puck in m/s va0 acc. to Jones in m/s 

longitudinal 888.3 980.6 
shear 506.4 565.3 

Tape Specimens 

The tape with a thickness of 0.18 mm was manufactured from UD carbon fibers and the 
widespread polyamide 6 with an intended fiber volume ratio of 50 %. In order to achieve 
comprehensive results, five different specimens with specific properties were prepared. 
Besides the detection of defects, a second task was to find a correlation between ultrasound 
data and the actual fiber volume ratio of the tape. The purpose of the first specimen, named 
TP1, was to serve as a standardized sample with specific defects to test different 
experimental set-ups. Its schematic representation is given in Figure 1. The second 
specimen (TP2) featured an incorrect fiber volume ratio over entire length, the third 
specimen (TP3) showed a transition from correct to incorrect fiber volume ratio with the 
fourth specimen (TP4) being a flawless specimen. The fifth and last specimen (TP5) was 
manufactured as a flawless continuous tape with a length of 2 m.  
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Figure 1: TP1, defect pattern 

In the standardized specimen TP1, the first segment included holes with four different 
diameters, the second one featured one long cut perpendicular to the fiber orientation with a 
length of 40 mm. The third section displayed three cuts perpendicular to the fiber 
orientation with a length of 5 mm, 10 mm and 20 mm. The fourth segment showed four 
cuts parallel to the fiber orientation with a length of 5 mm, 10 mm, 20 mm and 30 mm, 
whereas the fifth segment featured three impact damages. The second to last segment 
included a crack perpendicular to the fiber orientation with the last section serving as a 
flawless reference zone. 

Ultrasound Test Equipment 

For the experiments two ultrasound transducers manufactured by the Ultran Group were 
used. The first one, namely NCG500-S50, has an active area of 50 mm by 50 mm and 
served as the transmitter, whilst the other transducer, called NCG500-S25, with an active 
area of 25 mm by 25 mm was used as the receiver. Both transducers were driven by a Dasel 
Airscope TT, wired to a laptop which was used for the ultrasound user interface and for 
programming the control device of a scanning table with a measuring range of 650 mm by 
500 mm and 105 mm in height. For testing the samples were mounted to an adjustable 
frame.  

Measuring Methods 

Two different alignment methods for the transducers have been tested within the analysis of 
TP1, revealing that single-sided ultrasound testing is unsuited for testing CFR-Tape. 
Consequently only two-sided alignment was applied to the other specimens with variation 
of transducer to surface angle from 27° up to 43° and variation of ultrasound coupling 
parallel or perpendicular to the fiber orientation. 

Continuous Tape Test Rig 

 

Figure 2: Experimental set-up for testing continuous tapes 
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As shown in Figure 2 a continuous tape test rig was developed in order to simulate the 
online testing in the production process. The test rig was designed to accept specimens with 
a length of up to 1880 mm and to be run at speeds of up to 10 m min-1. Aluminum profiles 
were used for the construction as well as acrylic glass elements. It features four cylinders 
directing the tape with one of them being driven by a stepper motor equipped with an 
encoder. 

Ultrasound data evaluation 

The data evaluation program based on Matlab was designed to function as a quality gate. 
After cutting off the interferences at the edges of the tape, the average value as well as the 
standard deviation for both the amplitude and the phase image is calculated. Moreover the 
relative standard deviation in the entire range of values is computed. A flawless tape is 
supposed to have a homogeneous value distribution with low coefficient of variation, but as 
soon as the percentage of the standard deviation exceeds a certain value, the tape no longer 
matches the quality standards. In the program all pixels that are not in the range average 
value plus/minus standard deviation are marked as defect. After cleaning the image from 
very small defects using morphological processes, the ratio of area indicated per area 
examined is calculated. If the size of the indicated area exceeds a certain value, the tape 
also no longer matches the quality standards. Linking both methods, a good method for 
quality testing of CFR-Tapes was obtained. The whole process is shown in Figure 3. 

 
Figure 3: left: Amplitude image of TP2 with image processing shown to mark suspicious areas; right: 

Histogram of specimen TP2 with a separate window giving information about average value (solid line) and 
standard deviation (dashed lines) as well as suspected surface area 

Analysis of Fiber Volume Ratio 

Finding a correlation between the ultrasound data and the actual fiber volume ratio is a 
main task within the analysis of the CFR-Tape. As conventional methods such as 
dissolving or burning the matrix are failing for polyamide 6, a different method has to be 
found. According to [8], it is possible to ascertain the fiber volume ratio by examining 
micrographs of the tape. After the microscopy, the micrographs are extracted from the 
surrounding microscope picture and the contrast of the image is increased. The fibers 
appear in white color whereas the matrix remains black. A program clears the image from 
smaller particles and calculates the total area of the cross-section, as well as the area of the 
fibers. With knowledge of both figures it is possible to give an estimate of the fiber volume 
ratio.  
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Maximum tape velocity 

The maximum tape velocity was determined by observing the A-scan image of the 
specimen TP5 while increasing the tape velocity until gaps between two measuring points 
became visible on the user interface of the Airscope TT. Applying this method, the tape 
speed topped at 5.35 m min-1. This limit is due to the used ultrasound system, it is not a 
physical limit. 

Results and discussion 

Artificial Defects 

Regarding results, it was found that only a two-sided alignment of the transducers would 
perform well. The single-sided alignment resulted in blurred images for both amplitude and 
phase. Both, wave propagation parallel and perpendicular to the fiber orientation provided 
good data. As expected, defects with perpendicular orientation to the ultrasound wave 
propagation direction were detected more clearly than those oriented parallel to it. For the 
type of tape investigated the best results were gained with a transducer-to-surface angle of 
27°, measured from the vertical direction. An example of an amplitude image of the 
specimen TP1 is given in Figure 4. 

 

Figure 4: top: amplitude image of specimen TP1 measuring parallel to the fiber orientation; bottom: 
amplitude profile along line in c-scan 

For the image of the C-Scan shown above, the signal-to-noise ratio was calculated by 
means of the average values and the standard deviations of the marked sections 1 to 7 by 
means of the following equation. Section 7 was used as reference. The results are listed in 
Table 2. 鯨�迎 = ��結堅��結鳥勅捗勅頂� − ��結堅��結�勅捗勅�勅�頂勅嫌建穴鳥勅捗勅頂� + 嫌建穴�勅捗勅�勅�頂勅  
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Table 2: Specimen TP1; signal-to-noise ratio 

Segment Defect Average Standard Deviation SNR 

1 holes with different diameters 572 194 1.47 

2 
long cut perpendicular to the 

fiber direction 
344 85 0.96 

3 
short cuts perpendicular to the 

fiber direction 
356 57 1.34 

4 
cuts parallel to the fiber 

diretion 
518 122 1.79 

5 impact damages 218 17 0.04 

6 
crack perpendicular to the 

fiber direction 
789 94 4.11 

7 flawless reference 221 44 - 

The resulting SNRs do generally support the visual impression of visibility of the defects, 
e. g. the impact damages are not visible and have an SNR of 0.04. But especially defect 2, 
the perpendicular cut, seems clearly visible to the eye but has an SNR below one. This is 
due to the high levels of noise within the defect indications respectively the defects are not 
detected as uniform areas of the same amplitude level. So the classical definition of SNR 
should be replaced by one that takes into account the increased noise on the defect areas. A 
successful example of this is presented in the next section. 

Decreasing Fiber Volume Ratio  

For the analysis of the tape TP3 with the transition from a good to a bad fiber volume ratio 
the tape was separated into eight sections and the amplitude values as well as the standard 
deviations were calculated for each sector. Within the flawless sections the amplitude 
values and the standard deviation remained steady. Regarding the sections displaying an 
incorrect fiber volume ratio, both the average values and the standard deviations varied as 
seen in Figure 5. 

 

Figure 5: Specimen TP3; progress of the average amplitude value and standard deviation 

With the amplitude values dropping and the standard deviation increasing for the sections 
with incorrect fiber volume ratio, the hypothesis about using the average values and the 
standard deviation as a quality gate was supported. This led to the definition of an empirical 
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quality coefficient に 兼結�券 嫌建穴⁄ , which easily separates to flawless sections of the tape from 
those with incorrect fiber volume ratio. 

Analysis of Fiber Volume Ratio  

By overlaying a photograph of the second specimen with a transparent ultrasound image in 
an image processing software, it became apparent that the ultrasound image corresponds 
quite well with the visual pattern of incorrect fiber volume ratio.  

Comparing the specimens with an incorrect fiber volume ratio to an optically 
flawless tape, the measurements showed exceptional variations. Consequently, no clear 
statement regarding a correlation can be made, although the calculated fiber volume ratio of 
the flawless specimen was measured in fact higher than the fiber volume ratio of the 
specimens with an obviously incorrect fiber volume ratio. According to [8], the method 
should be capable of exactly determining the fiber volume ratio, but further examination 
has to be done, in order to adjust the method to CFR-Tapes.  

Simulated In-line Inspection 

As the method of non-destructive testing with air coupled ultrasound should be evaluated as 
a quality assurance method, the process should be capable of adapting to different tape 
speeds. This fact was proven by running the tape at three different speeds. For 
measurements at 2.17 m min-1, 2.97 m min-1 and 4.41 m min-1, the values of the amplitude 
varied only by 0.4 % between measurements, whereas the values of the phase varied by 
1.4 %. These results state clearly that the testing method results are independent of the tape 
production speed. 

Measurement of phase velocity  

It is possible to estimate the phase velocity with knowledge of the surface to transducer 
angle and the following approximation formula [9]: 

 
With an angle of 27 ° and an ultrasonic speed through air of 343 m  s-1 the result for the 
phase velocity is: 

 
Comparing the result to the simulations of the wave propagation mentioned in the 
beginning of this paper, it is shown that the velocity lies in between the two values 
according to Jones’ and Puck’s law. Hence the calculated phase velocity seems plausible.  

Summary 

It was shown that non-destructive testing by means of air-coupled ultrasound is capable of 
detecting a variety of artificial defects such as cracks, cuts and holes. Moreover, air-coupled 
ultrasound can be used for detecting a change in the fiber volume ratio of the tape, although 
a direct correlation between the fiber volume ratio and the measured data still has to be 
found.  

sinθ0 = λUS ∙ fλP ∙ f = vUSvP   

��,27° ≈ ぬねぬsin岫に7°岻 兼嫌 ≈ 7のの.のに 兼嫌   
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Regarding the production speed of the CFR-Tape the method is capable of being 
applied at different tape speeds, topping at 5.35 m min-1. Limitations are due to the used 
ultrasound device which only provides a pulse repetition rate of about 100 Hz. Modern 
systems provide repetition rates of better than 10 kHz thus leading to a theoretical speed up 
to 10 m min-1 when sampling with 1 mm resolution. 

Conclusion and Outlook 

Air coupled ultrasound is capable of being applied as a quality assurance element for 
thermoplastic CFR tapes. For future application it is essential to increase the spatial 
resolution by using focused or phased array transducers. Regarding the correlation between 
the fiber volume ratio and the measured ultrasound data, further examination needs to be 
performed.  

References 

[1] LANG, K. Zur Erweiterung des Spektrums von Faser-Kunststoff-Verbunden mit 
thermoplastischer Matrix. Einsatz industriell faserverstärkter Halbzeuge in 
hochbelasteten Strukturbauteilen des Automobil- und Flugzeugbaus. Dissertation. 
Darmstadt, 31. Jan. 2012. 

[2] PETERS, J., V. KOMMAREDDY, Z. LIU, D. FEI and D. HSU. Non-Contact 
Inspection of Composites Using Air-Coupled Ultrasound. In: REVIEW OF 
PROGRESS IN QUANTITATIVE NONDESTRUCTIVE EVALUATION:Volume 22, 
S. S. 973-980. 

[3] HERMANN, M., T. PENTEK und B. OTTO. Design Principles for Industrie 4.0 
Scenarios. A Literature Review. Dortmund. 

[4] DÖRING, J., V. BOVTUN, M. GAAL, J. BARTUSCH, A. ERHARD, M. 
KREUTZBRUCK and Y. YAKYMENKO. Piezoelectric and electrostrictive effects in 
ferroelectret ultrasonic transducers. In: Journal of Applied Physics, 2012, 112(8), 
S. 84505. Doi:10.1063/1.4759052 

[5] MATE GAAL, ELMAR DOHSE, JÜRGEN BARTUSCH, ENRICO KÖPPE, MARC 
KREUTZBRUCK, WOLFGANG HILLGER and JAY AMOS. Ultrasonic testing of 
adhesively bonded joints using air-coupled cellular polypropylene transducers. 

[6] DASCHEWSKI, M., M. KREUTZBRUCK, J. PRAGER, E. DOHSE, M. GAAL and 
A. HARRER. Resonanzfreie Messung und Anregung von Ultraschall. In: tm - 
Technisches Messen, 2015, 82(3). Doi:10.1515/teme-2014-0020 

[7] STELLBRINK, K.K.U. Micromechanics of composites. Composite properties of fibre 
and matrix constituents. Munich: Hanser, 1996. ISBN 1569902062. 

[8] GEORGE, A. Optimization of Resin Infusion Processing for Composite Materials. 
Simulation and Characterization Strategies. Dissertation. Stuttgart, 15. Mrz. 2011. 

[9] BLACKSTOCK, D.T. Fundamentals of physical acoustics. New York, NY: Wiley, 
2000. A Wiley-Interscience publication. ISBN 978-0-471-31979-5. 


