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Abstract. Equipment and components made of plastics and composites are widely 
used in highly corrosive environments in the processing industry. Examples are the 
storage tanks, pumps and pipes for chemical transport and stacks in combustion 
plants. The demand for reliable nondestructive testing of plastic process equipment 
has increased significantly in recent years.  
 Glass fiber reinforced plastics (GRP) is a common construction material for 
process equipment in the chemical industry. It can be used both as structural bearing 
in a dual laminate with a thermoplastic material as a corrosion barrier or as a solid 
GRP. In the latter case, the laminate is generally built up with a resin rich corrosion 
barrier (about 2.5 to 5 mm thick) with a low content of glass closest to the chemical. 
The glass fiber in this layer is usually a surface veil and chopped strand mats 
(CSM), i.e. it has no general fiber orientation. Outside this is the structural bearing 
layer with much higher glass content, usually wound fiber and / or woven fiber mats 
with a preferential fiber direction. The corrosion barrier is not load bearing and 
corrosion of this layer can be allowed. However, no corrosion can be permitted in 
the structural support layer. Because of this it is important to measure the thickness 
of the corrosion barrier for quality control but also to determine how far an attack 
has reached in the corrosion barrier. Today there is no non-destructive testing 
method that can answer this. Instead destructive sampling (often a drill core) must 
be made. This is difficult, expensive and sometimes impossible. There is thus a great 
interest in a method that, preferably at any time during operation, can provide 
answers to these questions. 
 Due to the heterogeneity of the GRP material in terms of amount, type and 
direction of the fibers, conventional algorithm for ultrasound imaging will not work. 
One aim of our work is thus to develop new signal processing methods to handle 
this heterogeneity. In addition we are also looking at the possibility to use optical 
fibers and Fiber Bragg Grating (FBG) sensors for corrosion monitoring of GRP 
structures 

1. Introduction  

In the wide field of non-destructive testing (NDT), ultrasonic testing (UT) has grown to be 
an effective method in various applications. UT devices operate by sending and receiving 
acoustic pulses with centre frequencies ranging from 20 kHz up to several gigahertz 
depending on the type of material and the objective of the inspection. Pulses are created and 
received using electro-acoustic transducers which are converting electrical signals into 
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acoustic signals and vice versa, usually by using the piezoelectric effect [3]. UT is used in 
many different applications, including thickness and flow measurements and to search for 
defects or certain properties in a material. Advantages of UT relative other NDT methods 
are that the equipment is often small hand-carried devices which provides opportunities for 
simplified testing in remote locations. Furthermore, UT is regarded as a safe testing 
method, meaning both the operator and test samples are out of harm during operation. 
Distance calculations, e.g. determination of the thickness, are inexpensive if the material is 
homogeneous with a prior known constant sound speed. Metals are contrary to laminates 
generally approximated as homogeneous which simplifies the search for a sound speed 
when performing measurements. Laminates are, as discussed, anisotropic, the sound speed 
is a function of the direction dependent modulus, and thus varies in the material. Another 
disadvantage and major question in the current research arises when the thickness of the 
specimen is less than the length of the ultrasonic pulse. The received echo is then a 
superposition of all echoes from the specimen and the data need to be pre-processed using a 
physical model before any calculation can be done. 

Equipment and components made of composites are widely used in highly corrosive 
environments in the processing industry. Examples are the storage tanks, pumps and pipes 
for chemical transport and stacks in combustion plants. Figure 2 shows how the laminate in 
these applications is generally built up. Closest to the chemical there is a resin rich 
corrosion barrier (about 2.5 to 5 mm thick) with a low content of glass. The glass fiber in 
this layer is usually a surface veil and chopped strand mats (CSM), i.e. it has no general 
fiber orientation. Outside this is the structural bearing layer with much higher glass content, 
usually wound fiber and/or woven fiber mats with a preferential fiber direction. The 
corrosion barrier is not load bearing and corrosion of this layer can be allowed, as can be 
seen in Figure 2. However, no corrosion can be permitted in the structural support layer. 
Because of this it is important to measure the thickness of the corrosion barrier for quality 
control but also to determine how far an attack has reached in the corrosion barrier. 

 

  
Figure 1. Cross section of a typical GRP 
laminate for corrosive environments showing the 
corrosion barrier and the structural laminate 

Figure 2. Hydrochloric acid penetration, seen as a green 
discoloration, in the corrosion barrier 

2. Experimental 

The experimental set-up included an array from Diagnostic sonar, LTD, UK, connected by 
a cable to the transducer. The transducer and the specimen are separated by a delay line, 
isolating the echoes from the sample from electrical noise and surface waves along the 
transducer. The delay line was made out of PMMA and specified by the longitudinal sound 



3 

speed c = 2680 m/s and depth d = 30 mm. A gel was used in the contact between the 
transducer, delay line and the delay line, specimen pairs. Experiments were performed on 
samples A, B and C, described below, using three different transducers. A single element 
transducer with a centre frequency of 2.25 MHz was used to do pulse echo measurements. 
In addition, two linear array transducers having 64 and 32 element, respectively with centre 
frequencies of 5 MHz and 2.25 MHz, were also used. The sampling frequency was set to 40 
MHz which fulfils the Nyquist-Shannon sampling theorem. The imaging algorithm, 
filtering and data processing were all implemented in Matlab. The sound speed was, in both 
the pulse echo con figuration and in the imaging algorithm set to the estimated sound speed 
of 2561 m/s, which was found using pulse echo measurement with a single element 
transducer with a centre frequency of 2.25 MHz on a reference sample. The sample was 
built using four layers of CSM, i.e. similar to a corrosion barrier. The scales of the figure in 
the following sections are therefore only credible in the corrosion layer since the sound 
speed is varying between the matrix layer, structural layer and the corrosion barrier.  

Sample A  

A polished cross section of Sample A is shown in Figure 3. Note that the corrosion 
barrier, measured to be 4.90 mm is on top of the structural layer, measured as 2.21 mm. The 
corrosion barrier was built using one C-glass veil and four CSM. Observe in the image, at 
the top surface, the C-glass veil ply is seen as a thin layer of reduced fibre content. No 
visible effects are seen between the CSM layers. The structural layer consists of four layers 
of woven roving which are clearly notable from the white plies. Beneath the woven roving 
layers, a 3.32 mm layer of pure matrix is present due to practical simplification in the 
manufacturing and ensuring the laminate received a plane surface. It is seen that air bubbles 
are present throughout the composite. The radiuses of the bubbles are all in the sub 
millimetre scale, therefore assumed less than the wavelength of the ultrasonic pulses and 
hence considered as noise in the measurements.  

 

 
 

Figure 3. Polished cross section of Sample A, having a total thickness of 10.5 mm. Built up of a 4.9 mm 
corrosion barrier consisting of surface vail and 4 CSM, a 2.2 mm structural laminate consisting of 4 woven 

rowings and 3.3 mm pure resin 
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Sample B  

A polished cross section of sample B is presented in Figure 4. It is a GRP created in 
the same manner as sample A. Small fluctuations exist in the dimensions where the 
corrosion barrier and structural layer are 2.56 + 2.92 = 5.48 mm and 2.29 mm respectively. 
Simulating a real industrial process, sample B was exposed single sided to 30% 
concentration of hydrochloric acid. A reaction between the cobalt in the laminates and 
hydrochloric acid gives the green colour seen in the figure. The depth of the penetration is 
measured to 2.56 mm.  

 

 
 

Figure 4. Polished cross section of Sample B, having a total thickness of 10.0 mm. Built up of a 5.5 mm 
corrosion barrier consisting of surface vail and 4 CSM, a 2.3 mm structural laminate consisting of 4 woven 

rowings and 2.2 mm pure resin. The sample had been exposed to HCl, which had permeated 2.6 mm into the 
corrosion barrier, seen as the green front in the figure. 

Sample C  

Sample C, se Figure 5, is composed of a C-glass veil as the surface lamina. The 
corrosion barrier is measured to 6.20 mm and built using CSM. The structural layer is 5.15 
mm thick and consists of alternate woven roving and CSM layers. The distance between 
each woven roving ply was found to be 1.22 mm. The sample was made using two batches 
of epoxy. The difference between them is seen above the structural layer a colour change. 
The laminate was exposed to water in a 200°C oven.  
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Figure 5. Polished cross section of Sample C, having a total thickness of 14.4 mm. Built up of a 6.2 
mm corrosion barrier consisting of surface vail and CSM, a 5.15 mm structural laminate consisting of 

alternate woven roving and CSM layers. . The distance between each woven roving ply was found to be 1.22 
mm. The sample was made using two batches of epoxy. The difference between them is seen above the 

structural layer a colour change. The laminate was exposed to water in a 200°C oven. 
 

3. Results and Discussion 

Single element 

Measurements of samples A, B, and C using the single probe are shown in Figure 6. 
The results are presented as the envelope of the normalized received signals. All result in 
the figures show distinct reflections from the front and back surfaces of the specimens as 
marked in the figures. Note that, although equally constructed and no acid reached the 
woven roving, there is a significant difference in signal reflection from the woven roving 
between sample A and sample B. Local variations from the plies appears in the 
measurements, thus changes the reflection coefficients. No clear distinctions can be 
detected between the woven roving plies in sample A and sample B, therefore no reliable 
thickness estimation is obtainable. The acid penetration in sample B was not detected in the 
measurement. Sample C in figure 5.6 shows similar back and front surface scattering as 
sample A and sample B, but it also shows clear distinction between the reflections from 
each woven roving layer. The time delay between the fourth woven roving echo and the 
back surface was found to be t = 4.78 s. Using equation 1.1 and c = 2561 m=s, the 
corrosion barrier thickness was estimated to d = 6.1 mm. The error 0.1 mm, or 1.92% was 
found using the reference value from the microscope photograph.   
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Figure 6, Measurements of samples A, B, and C using the single probe. 

Imaging 

The images presented in the following section are generated having 100 pixels/mm 
depth, 8 pixels/mm width and are scaled using the natural logarithm. Prior to applying the 
projection filter and TFM, all FMC data were pre-processed using a Butterworth bandpass 
filter with empirically chosen parameters. A typical filter was designed using a 6th order 
filter with a lower cut-off frequency of 1 MHz and a higher cut-off frequency of 5 MHz. 
Additionally, all data were transformed into their analytical form using Hilbert transform. 
Note that the colour scale of the images shall only be compared between the same sample 
and transducer. Red represents high intensity and scattering. The front surface is in all 
images found close to 30 mm and the back surface fluctuating about 40 mm. Two oval 
scatters are found at each side of the images about the 43 mm depth. They represent the 
shear wave from the surface which was confirmed by applying TFM on measurements 
done only on the delay line, and will not be considered in any analysis.  

The results from imaging sample A using  the 5 MHz 64 element array is presented 
in Figure 7 and Figure 8. The front surface is similar in both the surface projection filtered 
TFM image and the TFM image. Minor differences are found on the back surface where the 
surface projection increased its SNR. Further, the woven roving reflections were 
completely changed from clusters of unrecognizable scatters to a range of several surface 
scatters. None of the images, do however, show a clear distinction between the corrosion 
barrier and the structural layer, and are therefore not suitable for estimating the thickness of 
the corrosion barrier. The 2.25 MHz 32 element array transducer produced similar lower 
resolution images. Here both the front and back surface were clearly visible. In the surface 
filtered image one can argue that the fourth woven roving ply is located at the depth 35.88 

C 
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mm. The corrosion barrier thickness is then estimated to be 41.18 - 35.88 = 5.3 mm which 
gives the percentage error, 8.16%.  

 

Figure 7. Sample A, 5 MHz 64 element array, projection 
filter and TFM. 

Figure 8. Sample A, 5 MHz 64 element array, TFM. 

For sample B, strong reflections are present from the front and back surfaces in all 
images, as shown in Figure 9 and Figure 10. Local variations of the woven fibre layers, 
both in attenuation and reflection coefficients are present in the images when comparing the 
results from imaging sample A and sample B. None of the images are detecting the 
exposure of acid. When using 2.25 MHz, a possible surface representing the bottom of the 
structural layers emerges, similarly as for sample A. From this, the corrosion barrier is 
estimated to 40.67-35.88 = 4.79 mm or 12.59%.  
 

Figure 9. Sample B, 5 MHz 64 element array, projection 
filter and TFM. 

Figure 10. Sample B, 5 MHz 64 element array, TFM. 

For sample C both the images from 5 MHz, and 2.25 MHz measurement are shown 
with and without projection filter, Figure 11, Figure 12, Figure 13 and Figure 14. All four 
images clearly shows the positions of the front and back surfaces, but also detects 
distinctions between the woven roving layers with various levels of certainty. From the 
images without the applied projection filter, the woven roving ply is seen to have similar 
pattern as in the photograph in Figure 5. In the projection filtered images, it is seen that the 
filter removed all layer waviness and left clear surfaces representing each ply. The 
corrosion barrier thickness was estimated to be 44.56 - 38.19 = 6.37 mm and 44.44-37.99 = 
6.45 mm, with error percentages 2.74% and 4.03%, from the 32 and 64 element array 
respectively. 
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Figure 11. Sample C, 5 MHz 64 element array, projection 
filter and TFM. 

Figure 12. Sample C, 5 MHz 64 element array, TFM. 

Figure 13. Sample C, 2.25 MHz 64 element array, 
projection filter and TFM. 

Figure 14. Sample C, 2.25 MHz 64 element array, TFM. 

Corrosion barrier thickness estimation  

In the previous chapter it was discussed that the thickness estimation of corrosion 
barriers showed best result when using the single element transducer and when measuring 
sample C. The inferior estimates by the array can be explained by several phenomena. 
Small variations are present in the laminates, especially the woven roving, and since each 
transducer was placed by hand on top of the delay line, there is no certainty that each 
measurement was in the same position. Another key component is the transmitting pulses 
and the size of the elements. An important characteristic of arrays is that each element is 
very small relative the transducer. It therefore emits pulses acting as point sources which 
may degrade the image, but also, each element samples the received signal over a very 
small effective individual aperture.  

The single element transducer is in comparison very large, it therefore transmits 
closer to plane wave pulses, but also integrates the received signal over a larger aperture. 
Attempts were made measuring the corrosion barrier thickness of sample A and sample B 
using the projection filter and TFM. None of estimations matched the reference value. This 
can be explained by the physical wavelength of the signals. Considering the sound speed 
found in CSM, the wavelengths of the 5 MHz and 2.25 MHz signals are determined to 
0.512 mm and 1.100 mm respectively. From this it is obvious that each woven roving layer 
in sample C would be detectable, since the distance between the woven roving plies was 
found to be 1.22 mm, thus more than the wavelengths.  
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In sample A and sample B, there were no CSM layers inserted between the woven 
roving and thereby the echoes from each woven roving layer melts together and no single 
surface ply is detectable. The estimates on the corrosion barrier in sample A and sample B 
are therefore not physically correct which explains the high errors.  

Hydrochloric acid in laminates  

Neither the single element transducer nor any array was able to detect any scattering 
from the hydrochloric acid in sample B. Reflection occurs when there is a change in 
impedance in a medium. Impedance is a function of density and bulk modulus, none of 
which had changed significantly by the acid. However, the laminate changed into a green 
colour from the chemical reaction between cobalt and the acid. Further analysis is therefore 
needed about the interaction and how it affects the impedance of the laminate.  

Projection filtering performance  

The projection filter showed interesting results where it clearly projected the FMC 
data onto a theoretical surface subspace and altered the TFM image. It was evident from the 
front surfaces that the selected subspace was justified when comparing the non-filtered 
TFM image and the filtered TFM image. Since the PMMA delay line is homogeneous, 
TFM without pre-filtering optimally images the front surface of the specimens. No 
significant difference was seen between the front surfaces between the non-filtered TFM 
image and the filtered TFM image, hence the subspace projection was correctly motivated. 
The other interesting part of the result is obtained from the implementation of the 
projection. From theory, a proper implementation should divide the FMC data in many time 
windows, each representing a surface echo. It should then use the short-time Fourier 
transform (STFT), apply the projection and then inverse transform the data back to time 
domain, where it then merges all time windows into a complete FMC dataset. However, the 
laminate FMC data was constructed by non-separated echoes. The projection was therefore 
done on the entire time series and thus the Fourier space was a combination of all surface 
echoes. Borcea et al. derives in an adaptive approach decomposing the FMC data using the 
Local Cosine Transform (LCT). Inspired by this, an algorithm could be formed, that 
adaptively chooses time windows to be projected on. This was however not further 
evaluated in the thesis work. The question remains, why the projection is still possible and 
further analysis is needed. One potential explanation would be that different depth scattered 
the signals at different frequencies, hence high frequencies were either absorbed or 
backscattered in the structural layer and only the lower frequencies reached the bottom part 
of the laminate. This was partly confirmed using narrow band Gaussian filters on the raw 
FMC data.  

4. Conclusions  

This work explores the opportunities using ultrasonic testing on corrosion protected 
composite laminates. Laminates were produced by hand lay-up and exposed to 
hydrochloric acid at high temperature simulating real corrosive environments in industry. 
Both single element transducers and phased arrays were used to estimate the thickness of 
the corrosion barriers and the penetration depth of the acid. A reference lamina, constructed 
of only chopped strand mat, was used to estimate the sound speed which was used 
throughout the work presented in this thesis. Three different approaches were made 
investigating the laminates. Using the relative time between the echoes received from a 
single element transducer, and applying an imaging algorithm before or after, projecting the 
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received data from two arrays using different centre frequencies. The projection was 
derived from assuming that the array was placed at some distance from a plane surface. 
Modeling of the wave propagation was done by discretizing the surface to a grid with nodes 
parallel to each element in the array. The propagation matrix was formed and it was found 
that its anti-diagonals were constant. Comparison between experimental and simulated data 
confirmed the shape of the propagation matrix. Rotating the matrix formed a subspace with 
constant columns. A projection, filtering the FMC data from the phased arrays onto 
theoretical surfaces was then formed. Imaging was done using the total focusing method. It 
is a delay and sum beam-former, assuming a homogeneous imaging domain with constant 
sound speed and only longitudinal waves. The algorithm finds each pixel in the image by 
calculating the theoretical time delay from the pixel and to every element in the array. The 
image is then found by delaying and summing the A-scans from the FMC dataset. It was 
found that the single element transducer could accurately measure the thickness of the 
corrosion barrier with an error of 1.92%, when the woven roving plies in the structural 
layer was separated by at least the length of the wavelength of the transmitted pulse. No 
measurements could detect any changes in the laminate after it had been exposed to acid. 
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