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Abstract. The use of CFRP increased not only in the field of aviation structures. 
Also regarding lightweight construction in the automotive industry CFRP is moving 
forward. Porosity is one of the main quality parameters of CRFP. X-ray computer 
tomography (CT) is nowadays one of the standard reference techniques for 
quantitative imaging of porosity. However, CT sample size is limited if µm local 
resolution is required. For process control ultrasonic attenuation measurements are 
therefore prevalent, either in pulse-echo mode by evaluating the back wall echo 
amplitude, or in transmission mode. However other approaches are required, when 
only single sided access is given or when no back wall echo is detectable due to 
thickness of the component or due to damping effects in case of increased porosity. 
Every individual time-of-flight signal carries phase and frequency information in 
addition to the amplitude information. The phase and the frequency variation of the 
transmitted and backscattered ultrasonic signals can be correlated to the inner fibre 
and matrix structure of the material to be assessed and to additional material 
inhomogeneity like pores, cracks and delaminations. Within this presentation results 
based on phase and frequency analysis of ultrasonic A-scans when no back wall 
information is present will be discussed. X-ray computer tomography data were 
used for calibration of the ultrasound results. These results are based on the analysis 
and processing of ultrasonic A-scans acquired with commercial single element 
transducers and using conventional state-of-the-art ultrasonic hardware.  

1. Introduction  

Robust industrial processes are forming the base of cost efficient manufacturing of aviation 
structures. Carbon fibre reinforced composites (CFRP) play an increasing role not only in 
aviation lightweight structures [1]. The efficient control of process chains and the sound 
knowledge about controlling each single process step in case of deviations from the optimal 
design offer economic advantages on the market and allow optimal usage of lightweight 
design for CFRP structures. The broader use of CFRP in passenger airplanes lead also to an 
increase of larger components fully made of CFRP. The introduction of Airbus A350XWB 
and Boeing 787 accelerated the use of CFRP as a structural material. Same can be stated for 
the introduction of i3 and i8 by BMW in the automotive sector. The intensified use of 
CFRP as a structural material also requires cost efficient quality assurance for optimized 
process chains. Therefore, further development of non-destructive testing methods is also 
requested. Ultrasound is currently one state of the art method for quality assurance of 
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CFRP. Besides undulations and delaminations, porosity is one of the major possible defect 
types of interest. The ultrasonic attenuation methods which are today routinely applied are 
based on early work in the 1970ies [2, 3]. In the following years the transmission, reflection 
and scattering of ultrasonic waves in fibre laminates with porosity have been discussed by 
several research groups, see e.g. [4-7]. It was proven theoretically using scattering theory 
and also experimentally that the ultrasonic attenuation increases with porosity of the 
laminate and with increasing frequency of the ultrasonic wave. A quantitative assessment 
of porosity by ultrasonic attenuation is not easy, since reflection losses at interfaces such as 
the sample surface, or surfaces between layers, fiber-matrix scattering and beam divergence 
add to the total loss. However, different ultrasonic systems have been successfully 
implemented for porosity measurement by ultrasonic attenuation, either based on 
immersion in water [8], on free-jet nozzles (squirters) [9] or on laser ultrasonics [10]. The 
squirter technique in combination with robots is well suited for complex formed structures, 
though its signal-to-noise ratio is reduced compared to the immersion and laser ultrasonic 
methods. Automated impulse-echo mode in immersion in water is often the only 
configuration for practical applications. Then, usually the back wall echo attenuation is 
used for analyzing porosity levels, and the ultrasonic data are calibrated with the help of a 
set of reference samples.  

However, other approaches than attenuation measurement are required, when only 
single sided access is given or when no back wall echo is detectable due to thickness of the 
component or due to damping effects in case of increased porosity. Though the relation 
between porosity and other ultrasonic parameters such as ultrasonic velocity change and 
backscattered amplitude have been examined since many years [11-14] these other 
parameters have been exploited rarely for technical application. Furthermore, contradicting 
results were reported, namely Kim et al. observed a decrease of the backscattered amplitude 
with increasing porosity [14] while all other authors reported an increase of backscattered 
amplitude with increasing porosity. On the other hand, ultrasonic backscattering has been 
successfully applied in other areas as for example for grain-size determination of metals 
[15]. Recently, an analysis method based on phase statistics and spectral analysis of 
ultrasonic signals was suggested for CFRP component assessment [16]. In this approach 
Linear Predictive Coding (LPC), a signal compression method from speech processing, was 
used to filter ultrasonic A-scans in order to determine porosity. The actual paper describes 
the results of investigations carried out on two sets of specimens using the LPC approach 
described in [16] and an additional statistical evaluation. 

2. Ultrasound for porosity determination in CFRP without backwall echo information 

2.1 Test set of specimens and reference values of porosity 

The results reported here were obtained in the frame of a collaborative research project 
between CFRP manufacturers in aircraft industry, aircraft companies, and Fraunhofer IZFP. 
Two sets of specimens were available within the frame of the project. The first one made 
by Airbus Helicopters was also used for the development of the LPC approach for porosity 
determination described in [16]. The samples of the first set had an area of about 30 mm  
60 mm, the thickness was several mm as listed in table 1. Fig.1 shows examples of CT 
cross-sectional images of three samples of set 1 with different porosity taken by the Federal 
Institute for Material Research and Testing (BAM). CT data were used to obtain reference 
values for the porosity. The cross-sections in Fig. 1 show that the pores are predominantly 
located in the polymer-rich zones between the fibre bundles or layers, and that the porosity 
is not uniformly distributed in thickness and width directions. The second set of specimens 
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made by Premium Aerotec consisted of plates of 350 mm x 350 mm size and several mm 
thickness from which smaller samples of 10 mm  10 mm lateral dimensions were taken 
for CT investigations. The thickness and CT porosity values of these samples are listed in 
table 2. The samples of set 2 were made of unidirectional carbon fiber with [0°/+-45°/90°] 
lay-up. Ultrasonic investigations were taken in smaller areas with a few 10 mm lateral 
dimensions. 
 

(a)  
 

(b)  
 

(c)  

(d) (e)  
 

(f)  
 

Fig. 1. Sample set 1, (a)-(c) CT cross-sections in thickness direction and (d)-(f) CT cross-sections of a plane 
parallel to the surface of samples 1.5 (0.9 % porosity), 1.2 (3.5% porosity), and 1.4 (9.7 % porosity), 

respectively. The sample size is 30 mm  60 mm. The thickness of the samples is listed in table 1. The black 
circles in (d)-(f) are drill holes which are not of relevance here. 

 

Table 1. Set 1 of specimens  

Specimen No. Thickness [mm] Porosity [%] 
1.1 
2.3 
1.5 
1.2 
1.3 
1.4 

6.3 
4.0 
6.4 
4.0 
4.0 
6.3 

0 
0.5 
0.9 
3.5 
4.8 
9.7 

 

Table 1. Set 2 of specimens  

Specimen No. Thickness [mm] Porosity [%] 
301 
133 
145 
201 
306 
157 
208 
311 
161 
212 

8.4 
4.3 
4.2 
2.0 
8.6 
4.2 
2.1 
8.6 
4.3 
2.2 

0 
0 
0 
0 
2.6 
2.7 
4.4 
4.5 
9.5 
16.3 

 

2.2 Ultrasound investigations 

Most of the practical situations only allow ultrasound investigations in pulse echo mode. 
Fig. 2 shows ultrasonic C- and B-scans received with a single element transducer with a 
nominal centre frequency of 5 MHz (GE Sensing & Inspection Technologies H5M) in 
immersion technique. The left images (Figs. 2a and c) show the C-scan and the B-scan of 
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specimen 1.5, set 1, with 0.9 % porosity. The back wall echo can be clearly resolved at a 
time-of-flight of approximately 4.5 µs as seen in Fig. 2c. The right images (Figs. 2 b and d) 
show the C- and B-scans of specimen 1.4, set 1, with 9.4 % porosity. Here, no back wall 
signal is received any more though the thickness of sample 1.4 is similar to the thickness of 
sample 1.5. All imaging parameters such as transducer-sample distance, amplification 
factors and step width were identical. Note also the different homogeneity of the surface 
which has a significant influence on the ultrasonic signal amplitude of the C- and B-scans. 
The C-scan interval was chosen such that the entrance echo (water/sample) was included. A 
comparison between Fig. 1 d and Fig. 2 a shows, that the lay-up of the fibre bundles of the 
sample with low porosity is well visible in the ultrasonic image. In the ultrasonic image of 
the sample with high porosity, Fig. 2.b, the scattering from the pores is superimposed to the 
regular pattern of the fibre bundles.  
 

(a)  (b)  

(c)     (d)  
 

Fig. 2.  (a), (b) C-Scans of specimens 1.5 (0.9 % porosity) and specimen 1.4 (9.4 % porosity), respectively 
(c), (d), B-Scans of specimens 1.5 and 1.4, respectively. The different homogeneity of the surface of the 

specimens is visible. The back wall echo can be observed at a time-of-flight of approximately 4.5 µs in the B-
scan of specimen 1.5. 

 
For samples such as sample 1.4, set 1, with high porosity and relatively high thickness, the 
back wall echo amplitude is below the detection limit. This means that attenuation 
measurements in pulse echo mode fail as a means to predict porosity levels quantitatively. 
However, the ultrasonic data presented in Fig. 2 also show that for the available set of 
specimens information about the porosity level can be already found in the remaining 
ultrasonic signal. The entrance echo which is generated at the water-sample interface as 
well as in the back scattered amplitudes directly after the entrance echo also depend on the 
porosity level of the sample.  

In previous work published in [16], Linear Predictive Coding (LPC) was 
successfully applied to correlate ultrasonic data taken of sample set 1 to porosity levels. In 
that study, data were taken in immersion with transducers with 5 and 10 MHz nominal 
centre frequency (S 6 WB 5 WM and S 6 WB 10 WM, Karl Deutsch). The original HF-signals 
(A-scans) were rectified and smoothened with a low pass filter. A depth interval of 
typically 1 mm length was defined for LPC analysis. This interval begins at a depth of 0.5 
mm up to 1 mm, i.e. it is located behind the entrance echo but close to the surface. The LPC 
coefficients of each A-scan were determined in this interval by using the MatLab function 
“lpc”. With the obtained LPC coefficients, the original signal was filtered, and the filtered 
signal was subtracted from the original signal. LPC is a digital speech compression method 
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which is based on the assumption that each sample of a time series can be approximated as 
a linear combination of immediately preceding samples [17, 18]. Linear prediction 
identifies resonance frequencies (formant frequencies) and their bandwidth in quasi-
periodic signals, and the prediction filter represents them in its poles [17]. In analogy to 
conventional C-scans derived from conventional A-scans, LPC-C-scans can be generated 
by evaluating LPC-filtered A-scans.. The ultrasonic data shown in Fig. 3 were acquired in 
immersion with the transducer S 6 WB 5 WM with 5 MHz frequency mentioned above. 
 

(a)  (b)  

(c)  (d)  
 

Fig. 3.  (a), (b) conventional C-Scans (c), (d) LPC-C-Scans of specimens 1.5 (0.9 % porosity) and specimen 
1.4 (9.4 % porosity), respectively. The size of the images is 37 mm  64 mm. The depth interval as well for 
the conventional C-scans as for LPC analysis was 0.85 mm – 1.85 mm. The color scale shows the amplitude 

in [%]. 
 

A comparison of the conventional C-scans and the LPC-C-scans of the same depth interval 
of samples 1.4 and 1.5 of set 1 (Fig. 3) shows that the LPC filter enhances the difference in 
average signal level for the two samples of different porosity. In reference [16] the number 
of pixels in the LPC-C-image displaying the amplitude within a defined interval was 
evaluated and related to the total number of pixels in the image. This analysis finally 
delivered an LPC parameter for each sample which was correlated to porosity. 

Sample set 2 consisted of larger plates, from which a few small samples were cut 
for CT analysis. Ultrasonic transmission measurements made by the project partner 
Premium Aerotec using squirter technique as well as transmission measurements in 
immersion technique made by Fraunhofer IZFP showed a very good agreement in 
attenuation levels, but proved that the samples were inhomogeneous, i.e. the attenuation 
values varied strongly as a function of position.  

As a first step several smaller analysis areas within the plates were defined. These 
areas were labelled with capital letters (A, B) and chosen close to the location of the CT 
samples. In order to ensure that the selected sample areas had porosity values which were 
comparable to those of the CT samples, the attenuation values in transmission mode were 
determined in immersion technique. 
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Fig. 4.  Ultrasonic attenuation measured in transmission mode in immersion in water for selected areas within 

the samples of set 2. Sample thickness is (a) 2 mm, (b) 4 mm, (c) 8 mm. Sample data are listed in table 2  
 

As shown in Fig. 4, the attenuation increased with porosity level for all samples except for 
the 8 mm thick samples 311 A and 322 B. Afterwards, conventional C-Scan images and 
LPC-C-scans of an interval close to the sample surface were generated as explained above. 
Figure 5 shows the C-scans and LPC-C-scans of the 4 mm thick samples 145 B (0% 
porosity) and 161 B (9.5 % porosity). Again, the sample with low porosity is more 
homogeneous and the average LPC level is higher.  

 
 

(a)  (b)  

(c) (d)  
 
Fig. 5.  (a), (b) conventional C-Scans (c), (d) LPC-C-Scans of specimens 145 B (0 % porosity) and specimen 
161B (9.5 % porosity), respectively. The transducer with 5 MHz center frequency was used. The size of the 

images is 38 mm  68 mm. The color scale shows amplitude in [%]. 
 
The selected example suggests using the average of the LPC level as a parameter to 
characterize porosity as for sample set 1. However, a detailed analysis for a large number of 
samples showed that a histogram analysis provides much more stable results. A statistical 
analysis of the amplitude values within the imaged surface area provides histograms as 
presented in Fig. 6. The diagrams are based on the C-scan and LPC-C-scan data presented 
in Fig. 5. As to be expected from the visual inspection of the areas in Fig. 5, the histograms 
of sample 145 B with 0% porosity are very narrow because the amplitude values in the 
images are uniform. In contrast the histograms of sample 161 B are wide due to the 
amplitude variations. In this case, the trend is the same independently whether the normal 
C-scan or the LPC-C-scan is analysed. 
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(a) (b)  

(c)   (d)  
Fig. 6.  Histograms derived from the amplitude values of the same surface area (a) sample 145B, C-scan, (b) 

sample 145B, LPC-C-scan, (c) sample 161B, C-scan, (d) sample 161B LPC-C-scan.  

3. Results of porosity determination 

Different parameters such as the amplitude at the maximum hit value or the width of the 
distribution can be derived from the histograms such as shown in Fig. 6. Figure 7 shows the 
width of the histograms at 50% of the amplitude maximum plotted against the porosity 
values of samples of set 2. As can be seen, the histogram width derived from the 
conventional C-scans and the histogram width derived from the LPC-C-scans correlate well 
with the porosity levels. We can therefore conclude that a statistical evaluation of the 
amplitude values in lateral direction, filtered or unfiltered can be used to quantify porosity 
in samples in which a back wall echo is not available.  

 

   
 

Fig. 7.  Histogram width at 50% of its maximum amplitude derived (a) from the conventional C-scan and (b) 
the LPC-C-scan. The evaluation is based on measurements at 5 MHz frequencies with samples of set 2. The 

black line is a polynomic fit. 
 
Our analysis showed that the evaluation procedure had to be modified depending on the 
sample type. A closer consideration of the underlying physics provides an explanation for 
this phenomenon. The lay-up of the laminate, the orientation of the individual layers, the 
thickness of the fibre bundles, and other characteristics of the material induces the 
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background scattering of the intact laminate. The size, form and orientation of the pores 
define the backscattered defect-dependent content of the signal amplitude which can be 
processed. It is therefore reasonable that the parameters of the signal analysis depend on the 
type of material.  

4. Conclusion 

Porosity is one important parameter for quality assurance within the frame of CFRP 
production. Ultrasonic inspection is a versatile means for control of process chains. If a 
back wall echo can be detected, porosity determination using ultrasound is possible and 
standard procedures are given in this case. The attenuation method fails if no back wall 
echo can be resolved e.g. due to increased porosity, high wall thickness or in curved areas. 
Usually porosity values above 3-4 % in combination with samples thickness of more than 4 
mm not allow the detection of a back wall echo. Then, other approaches are required. 3D-
data of ultrasound scans taken with conventional ultrasonic equipment contain information 
about the porosity of the inspected samples. This can already be seen in C-scan images. The 
used LPC approach emphasises the information about porosity in the measured travel time 
data. Porosity close to the surface can be determined while deeper parts are shadowed for 
ultrasound by scattering effects in the surface layers. Type and structure of the CFRP also 
have an influence on the quality of the results.  
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