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Non-destructive tests are of pivotal importance in the industry, as they contribute to the decreasing 
of maintenance costs, reducing downtime and accidents. Ultrasound is a non-destructive method that 
can be used with several arrangements to identify faults in engineering materials. This work evaluated 
the use of three ultrasonic methods applied in FRP composites to detect manufacturing defects. The 
critically refracted longitudinal wave (LCR), the B-Scan images, and the signal-to-noise ratio of TFM 
(Total Focusing Method) images were compared to detect the delamination and the fiber waviness in 
unidirectional composite of carbon/epoxy. Rectangular samples without defects and with defects were 
used in the tests. To obtain the delamination in the samples, pieces of Teflon were placed between 
layers and for the samples with waviness, a silica sphere was used. The results showed that LCR 
wave is not recommended to detect these kinds of defects, the B-Scan image is efficient in detecting 
delamination, and the SNR variation of TFM images allows to identify the waviness and delamination 
in unidirectional FRP composites.

Keywords: Non-destructive inspection, ultrasound, unidirectional composite, LCR wave, phased 
array.

1. Introduction
Among the materials that are used to make mechanical 

components, the composites are widely used in the aerospace 
industry, with aircraft having up to 80% of their structural 
volume made of them, such as the Boing 7871. Besides, 
high speed trains, wind energy equipment, oil and gas, 
defense, naval, automotive, and construction industries 
widely employ these materials2-4. Their advantages are 
tailorable properties, high strength, low density, corrosion 
resistance, and fatigue strength5,6. Unlike with metals, the 
damages appear prematurely7, but they usually propagate 
in a stable way. This apparent contradiction makes them 
advantageous when compared to metals, particularly for parts 
under variable loads, subject to fatigue. The reason is the 
complex and interactive relationship between fibers, damage, 
and residual stresses that blocks the spread of the damage8. 
A critical issue with composites is their vulnerability to low 
energy/speed impacts, which can cause considerable damage 
to the interior of the parts without anomalies on the impacted 
surfaces. Sometimes, the damage is imperceptible in visual 
inspections9,10. This is even more critical with structures and 
covers in equipment where life risks are involved.

Because of the interest in the use of composite materials 
in primary structures, a current aim is to reduce the defects 
induced along the manufacturing process. Such defects are 
undesirable, but they can be tolerable in some extension in 
secondary structures. In case of fiber-reinforced-polymer 
(FRP), defects can occur in fiber, matrix or in the interface. 

The main ones are delamination, fiber break, crack in the 
matrix, debonding of the fiber-matrix interface, waviness, 
porosity, among others11,12.

The main concern with the presence of defects in the 
composites is related to the change in the mechanical 
properties and nonlinear behavior that they can cause in the 
parts10. A common defect is the fiber waviness, in-plane and 
out-of-plane, which can arise in the prepregs molding process, 
due to gaps unfilled or partially filled between the layers. 
That defect can result in areas rich in resins. Moreover, the 
waviness can also be the result of thermoelastic distortions 
along the thickness or arises when the composite is used to 
manufacture curved components13.

Fiber waviness is classified as one of the main causes of 
failure in service. It is directly related with the deterioration of 
the mechanical properties of the components. When in‑plane, 
it has a more severe and predominant effect on the mechanical 
performance than the out-of-plane14,15, though compressive 
strength is more sensitive to waviness out-of-plane16. This 
defect also causes a reduction in the natural frequency of the 
laminate17, affects the thermal properties18, the mechanical 
resistance16,19 and the fatigue strength20,21.

Another common defect in composites is delamination, 
expressed as a crack at the interface between adjacent 
layers of the laminated composite22. In delamination, high 
interlaminar stresses cause gaps along the part thickness. 
Delamination can arise during the service life, due to debris 
impact, tool drop during maintenance, hole drilling23, and 
also from the geometric configuration of the part, such as 
in straight free edges, curved free edges, external ply drop, 
corner, skin stiffener interactions, solid-sandwich transitions, *e-mail: dmoliveira@fem.unicamp.br
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and internal ply drops22. The presence of delamination can 
interfere with the mechanical behavior of the part. Studies 
have already shown that it reduces the stiffness of structures 
and decreases its natural frequency24, in addition to affect 
the material compressive strength25.

Resuming, both delamination and fiber waviness affect 
the mechanical behavior of the laminated composite, which 
justifies the need to identify and monitor the presence of these 
defects in components. For this aim, reliable and efficient 
inspection techniques must be applied.

There are studies addressing the application of different 
methods to detect delamination and fiber waviness, such 
as X- Ray15, eddy current26,27, thermography28, and guided 
waves29. The use of a pulsed terahertz electromagnetic 
inspection method has also proved to be viable for detecting 
fiber waviness, generating multiple reflections as a response 
in the fold region with fiber waving for laminated glass 
composite materials30. This method has the advantage of 
having high-resolution and works without contact. Besides, 
it is non-ionizing and safer. Dong et al.31 compared terahertz 
imaging and ultrasonic C-scans for detecting delamination in 
glass fiber samples. However, for carbon fibers, its conductivity 
only makes it possible to detect defects close to the surface.

Considering that 27% of the life cycle cost of a composite 
material is spent on inspection and repairs32, it is clear that the 
advantages of this material can only be fully exploited with 
the development of cheaper and more reliable monitoring 
and inspection techniques33.

Among the non-destructive evaluation (NDE) methods, the 
ultrasound is widely used for its low cost and easy handling. 
In addition, it can be applied with different techniques such 
as pulse echo or direct transmission, and different types of 
waves, such as longitudinal, transversal, and subsurface 
waves. The analysis can employ the amplitude of the signal, 
the time-of-flight (TOF), B-Scan image, and signal-to-noise 
ratio (SNR) of an image obtained using Total Focusing 
Method (TFM). These characteristics and the flexibility 
make the ultrasonic method quite versatile. Furthermore, 
numerous information can be provided by the techniques, 
such as defect detection, residual stresses, elastic properties, 
and so on34,35.

Several methods are being compared to ultrasound to 
detect defects in composites, as X-ray36, thermography37 and 
others . For the ultrasonic method, some studies evaluate 
the surface and subsurface wave propagation to identify 
these imperfections32,33,38. Phased array (PA) application is a 
current field of study, because it allows to generate real-time 
images of the internal structure39. Images from PA systems 
can also be recorded and analyzed for post-processing40.

In the case of composites, their anisotropic characteristics 
interfere with the propagation of the wave, which is also 
dependent on the direction of the fiber, defects, and the 
stresses inside the material, among others. As a result, the 
influences in the application of the ultrasonic method must 
be evaluated.

Feng  et  al.41 simulated and evaluated the interaction 
of the S0 and A0 modes of Lamb waves in a laminated 
composite with delamination, verifying that the strongest 
mode conversions occur when the wave meets the edges of 
a delamination. Besides, S0 mode suffers more influence 

of delamination, generating S0 and A0 waves at the end 
of the laminate, with different velocities. In this condition, 
S0 is greater than A0. This difference makes it possible to 
estimate the location of the delamination.

The presence of fiber waviness causes deviation of the 
ultrasonic beam. When using oblique incidence angles on 
this kind of defect, the response is asymmetric and there is a 
change in the position of maximum energy. Combining with 
the double scanning technique, it is possible to determine the 
relative displacement of this energy. Zardan et al.42 performed 
an experimental analysis of this phenomenon and detected 
it even in thick components, but the method required access 
to both sides of the component.

After unsuccessful attempts to use focused C-Scan and 
a pair of transducers in transmission mode to detect defects 
in coarse samples, due to high refraction of the beams, 
Wooh and Daniel43 applied a paintbrush transducer with a 
special set-up to perform the task. Their studies have shown 
that longitudinal waves are reflected in the defects and that 
transverse waves showed a particular intensity pattern in 
the presence of fiber waviness. The analysis was based on 
elastodynamic ray theory, which is valid for high frequencies.

For delamination, a qualitative characterization is possible 
with lamb waves, in which the velocity of propagation, 
energy, and wave form are related to the extension of the 
delamination. The analysis is possible by combining the Fast 
Fourier Transform (FFT), Hilbert transform (HT), and the 
continuous wavelet transform (CWT)44.

Alternative ways of applying PAS were studied by 
Kappatos et al.45. According to their work, changes in the 
characteristics of the probe, such as inclination, elevation, 
number of elements in the scan, in addition to the positioning 
distance, can interfere with the image resolution.

Employing ultrasound for composite inspection is not 
trivial because of the complexity of wave reflections due 
to inhomogeneity of the material. Zhang et al.46 showed the 
waviness fiber, for example, can reduce the reflection of a 
defect by 50%; thus, when using different frequencies and a 
signal post-processing to detect different coexisting defects, 
the B-Scan method is more reliable. FMC/TFM has also been 
under study; Larrañaga-Valsero et al.47 obtained better results 
with this method compared with immersion and conventional 
phased array to detect waviness out-of-plane applying a 
velocity correction approach in the TFM method, while 
Liu et al.48 used TFM a dynamic homogenization analysis 
of wave propagation in composite material and obtained 
better results with a frequency of 2 MHz. For them, when 
the sample thickness is smaller, higher frequencies shows 
to be more advantageous; thus, when detecting different 
defects with different sizes and layer thickness, approaches 
with different frequencies and time corrections looks to be 
the best alternative.

In line with the current state-of-art in the manufacturing 
defects detection, this work compared the efficient of three 
ultrasonic methods to detect delamination and fiber waviness 
in unidirectional composites of carbon fiber and epoxy resin. 
The method was tested using a subsurface wave, meaning the 
critically refracted longitudinal wave (LCR wave), B-Scan 
images, and the signal-noise ratio (SNR) of TFM images. 
The last two methods employed phased array systems (PAS).
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2. Critically Refracted Longitudinal Wave 
(LCR wave)
There are several types of waves that can be used for NDE 

such as Rayleigh waves, shear waves, longitudinal waves, 
and critically refracted longitudinal waves (LCR), among 
others. These waves are shown in Figure 1. Rayleigh waves 
are superficial waves; their particles move elliptically and 
suffer great attenuation in the direction of the thickness, being 
approximately 93% slower than shear waves in materials 
with a Poisson coefficient of 0.3349. Shear waves (S-Wave) 
are slower than the longitudinal (P-Wave) ones, with the 
particle moving in the transverse direction and the wave 
propagating in the longitudinal direction. In longitudinal 
and LCR waves, the particle and the wave move in the 
longitudinal direction. Bray et al.50 were the first group to 
study the sensitivity of various types of waves to stress in 
rails, demonstrating that the critically affected longitudinal 
waves (LCR) are the most sensitive.

When an incident wave hits the interface between 
a medium 1 and a medium 2, two sets of waves appear: 
reflected waves, that will remain in medium 1, and refracted 
waves, that will propagate in medium 2. Obviously, in the 
case of NDE, the greatest interest is in the behavior of 
the refracted waves in medium 2. The waves reflected in 
medium 1 (probe) are usually disregarded, but can be used 
as a calibration indicator50.

The set of refracted waves follows Snell’s law, which 
describes the relationship between the propagation velocities of 
the incident and the refracted waves, according to Equation 1.
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In Equation 1, ϴ1 is the angle of the incident wave, ϴ2 the 
angle of refraction, V1 velocity of the incident wave, and 
V2 is the velocity of the refracted wave. A consequence of 
Snell’s law is that there are two critical angles: the first occurs 
when the longitudinal waves propagate at 90° in medium 
2, and the second is when the shear waves propagate at 90° 
in medium 2.

The critically refracted longitudinal waves are precisely 
the longitudinal waves that propagate at first critical angle, 
therefore they are parallel and close to the surface51. To generate 
the LCR wave, plastic wedges are used. To calculate the 
wedge angle, it is necessary to know the propagation velocity 
of the longitudinal wave in medium 1 (V1) and in medium 
2 (V2). Considering ϴ2 =90° in Equation 1, it is possible to 
calculate ϴ2, which will be the angle of fabrication of the 
wedges (probe), as can be seen in the detail of Figure 1.

The LCR wave has advantages in detecting defects near 
the surface, because its energy is concentrated up to 30° 
from the surface51,52 and it travels up to two wavelengths. 
In addition, LCR waves are less sensitive to roughness 
of the material, because they are body waves, not surface 
waves. As an additional advantage, the method requires 
the access only to one surface of the component53, unlike 
through transmission techniques, which require access to 
two surfaces54.

3. Phased Array System
The ultrasonic array is generated with a probe formed 

by several piezoelectric elements (multi-elements) that can 
be geometrically arranged in a linear, matrix, or circular 
form. These elements are connected to a control unit that 
emits pulses following a delay law. The wave fronts of each 
element are subject to Huygens interference. Due to the delay 
law, it is possible to control the direction and depth of the 
emitted signal. When this delay law is applied, the probe is 
called phased array55, as shown in Figure 2.

Among the advantages of using a phased array system, 
the possibility of obtaining images in real-time is worth to 
mention. One of the methods generates B-Scans, which 
are 2D images of the cross section of the component, built 
by stacking A-Scan signals as a function of the time, for 
each position.

Another way to obtain images with the phased array 
is with the post-processing of signals by the method FMC 
(Full Matrix Capture). In this method, for the linear array 
probe, one element emits the pulse and all elements record 
the received signals, then the next element emits the pulse 

Figure 1. LCR wave generation.
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and all elements record the received signals. This process is 
repeated until all elements have emitted an ultrasonic pulse. 
The data obtained with the FMC method are applied to the 
image algorithm called TFM (Total Focusing Method)40. 
Using this method, the intensity of selected points on the 
images are obtained by Equation 2:
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In Equation 2, ( , )I x z  is the intensity of the pixels, ,( )ij
ij x zh t  

is the amplitude of the pulse at the time it leaves the emitting 
element i and arrives at the receiver element j. In Equation 3, 

ix  and jx  are the locations of the elements i and j, and c 
is the velocity of the longitudinal wave.

4. Materials and Methods
To evaluate the selected techniques of ultrasound for 

detecting defects in unidirectional carbon/epoxy composite, 
specimens with prepreg carbon/epoxy SE 84LV Gurit® 
were manufactured. This prepreg was stored at -18 °C 
before processing, to keep its properties. The lamination of 
samples took place in a white room (clean room) with stable 
temperature, humidity and controlled particulate rate. Due to 
the thickness, the specimens were manufactured in stages, 
involving a vacuum pre-compaction (-81 bar) before the 
curing cycle process. The three initial cycles built 10 layers 
each and the last one 12 layers, totaling specimens with 
42 layers. The vacuum bag was then taken to an autoclave, 
which followed the curing cycle shown in Figure 3.

At the end of the process described above, three groups of 
rectangular samples with dimensions 300 x 40 x 12.5 mm3 were 
obtained. The first group is composed of four samples with 
delamination (group T), the second of four samples with 
fiber waviness (group S), and the last set without any known 
defect (group CP), also of four samples. In the samples with 
delamination, a piece of Teflon 15 x 10 mm2 was added 
between the layers 10 and 11 of the prepreg during the 
lamination process; a silica sphere was added between the 
layers 20 and 21 to produce the fiber waviness. Both the 
silica and the Teflon pieces are positioned centrally in the 
x-y plane; the z axis is considered in the direction of the 
material thickness. The samples and the schematic of the 
defects are shown in Figure 4.

For the experiments with LCR waves, the measurement 
system consists of a pulser/receiver Ultratek USB UT-350, 
with a sampling rate of 50 MHz, connected to the computer 
by a USB cable. The data were processed and saved in a 
program made in Labview®. Transducers of 2.25 MHz were 
placed in wedges with a critical angle of approximately 15°. 
This angle was obtained by Snell’s Law, Equation 1. For the 
propagation of the longitudinal wave at the first critical angle, 
the velocity of the wave in the wedge is 2300 m/s and in the 
unidirectional composite in the fiber direction it is 9400 m/s. 
These wedges are fixed, and an aluminum bar was used to 
maintain a constant distance between them; the coupling 
between probe and sample was a conductive gel, Carbogel®. 
The measurement system is shown in the Figure 5.

For this first analysis, the samples were identified with 
markings in their surfaces. Lines were drawn, splitting their 
surfaces in three regions. The probe was then placed in each 
region, the emitter received the pulse, and the wave train at 
the receiver was recorded.

Figure 2. Wave front in a probe of phased array.

Figure 3. Prepreg material cure cycle.

Figure 4. Sample scheme (a) rectangular sample; (b) Teflon between layers; (c) silica sphere between layers.
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The B-Scan images were obtained with a phased array 
linear probe of 64 elements and 10 MHz. The probe was 
connected to a control unit M2M-MultiX++ (Figure 5) and 
the samples were engraved with their codes. Lines splitting 
their surfaces in four positions were drawn around and on 
the defect, where the images were recorded.

To obtain the signal-to-noise ratio (SNR) with the TFM 
image, the same PA system was used. For that, each sample 
surface was delimited in seven positions, then the FMC 
data were recorded with the phased array probe and used 
to construct the TFM image, shown in Figure 6. The value 
of SNR is obtained according to Equation 4.
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In Equation 4, peakI is the maximum intensity at the bottom 
of the sample and RMSI  is the root mean square (RMS) of 
the intensity in the selected region of the TFM image.

For all techniques and measurements, the temperature 
of the sample was maintained at 23 ± 1 °C.

5. Results
The results for the ultrasonic methods under evaluation 

are presented in this section. The LCR waves are evaluated 

by the value of the time-of-flight (TOF). Table 1 (samples 
without defects), Table 2 (samples with delamination) and 
Table 3 (samples with waviness) show the TOF values for 
the three positions in each sample and the standard deviation 
for each sample. The analysis with the TOF checked if it 
can be used to identify defects. Thus, when comparing the 
measured time between the positions of the same sample, 
it was expected to find significant differences in the time 
values. However, the results indicated in tables show a 
small variation in time between positions, which impedes 
the precise location of the defect.

The maximum average deviation for samples with 
delamination was 9 ns and in samples with fiber waviness 
was 12 ns. This variation does not contribute to identify 
the defect location.

The results obtained with the PA system are both 
by B-Scan images and SNR variation of TFM images. 
Figure 7,  8  and  9 show the B-Scan images obtained for 
samples without defects (called group CP), with fiber 
waviness (called group S) and delamination (called group 
T), respectively. In some samples of group S is possible to 
identify a non-uniformity in the image that refers to the silica 
sphere, but it is not easy to identify the defect in all samples. 
There are rectangular marks indicating the presence of fiber 
waviness, but the reflections interfere with the accuracy of 
its depth. Figure 9 highlights the delamination identified in 
group T. In this case, the images are clear, indicating the 
presence and location of the defect. The B-Scan method 
allowed the visualization of delamination in all samples 
from group T, indicating a depth of 4 mm, which coincides 
with the position of the Teflon pieces added to the laminates.

Figure 10 and Figure 11 show the results of the SNR 
variation in the TFM images along the samples with fiber 
waviness and with delamination, respectively. The values 
for each position in samples with defect are shown in the 
graphs along with values for samples without defects. Thus, 
the analysis of results is by comparison with values of the 
samples without defects (group CP).

The variation of SNR values in samples without defects 
is small and the fit curve obtained is approximately linear. 
The difference between the highest and lowest SNR values 
measured between positions of the same sample is 0.72 dB. 
Figure 10 shows changes in SNR values in samples with 
fiber waviness, which indicate a difference of the highest 
and lowest value of 1.31 dB. This difference was enough 
to identify the presence and location of defects, especially 

Figure 5. Measurement systems. (a) LCR wave equipment (out of scale) (b) PA system control unit (c) PA probe phased array.

Figure 6. TFM image showing the main regions employed with 
the TFM method.
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Table 3. Time of flight (µs) of the LCR wave in samples with fiber waviness.

Sample Position 1 (µs) Position 2 (µs) Position 3 (µs) Standard deviation (µs)
S1 21.924 21.929 21.928 0.003
S2 22.008 21.997 22.007 0.006
S3 22.134 22.138 22.116 0.012
S4 22.121 22.137 22.124 0.008

Table 1. Time of flight (µs) of the LCR wave in samples without defects.

Sample Position 1 (µs) Position 2 (µs) Position 3 (µs) Standard deviation (µs)
CP1 22.573 22.589 22.566 0.012
CP2 22.574 22.563 22.587 0.012
CP3 22.553 22.509 22.522 0.023
CP4 22.621 22.574 22.562 0.031

Table 2. Time of flight (µs) of the LCR wave in samples with delamination.

Sample Position 1 (µs) Position 2 (µs) Position 3 (µs) Standard deviation (µs)
T1 21.547 21.537 21.528 0.009
T2 21.574 21.572 21.563 0.006
T3 21.476 21.473 21.464 0.006
T4 21.574 21.578 21.588 0.007

Figure 7. B-Scan images of the samples without defects – Group CP. Scale shows the depths along direction z.

Figure 8. B-Scan images of the samples with fiber waviness – Group S. Scale shows the depths along direction z.

Figure 9. B-Scan image of the samples with delamination – Group T. Scale shows the depths along direction z.

for sample 2 (S2), which was more difficult to identify by 
B-Scan method.

Figure  11 presents the results for the samples with 
delamination. In that figure, it was possible to identify the 
defect through variations of SNR, although it is not so easy 

for sample 3 (T3). In this group, the difference between 
maximum and minimum SNR measured was of 1.47 dB.

The propagation of the wave using the PA system occurs 
by pulse echo. However, the dimensions of surface of the 
delamination and fiber waviness are different, resulting in 
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Figure 10. Results of the SNR for samples with fiber waviness.

Figure 11. Results of the SNR for samples with delamination.
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a variation of reflections and scattering of the wave when 
comparing the defects56,57. The smaller area and curved surface 
of fiber waviness generate more scattering, which is better 
captured with the FMC method and shows better results in 
the analysis by SNR than by B-Scan image.

The SNR variation allowed locating the region with 
defect and this position is the same where the defect was 
detected by B-Scan method; however, only the latter can 
indicate the depth of the defect. In this way, the methods 
are complementary.

6. Conclusions
This work aimed to evaluate different ultrasonic methods 

for defect detection in unidirectional carbon/epoxy composite. 
Defects such as delamination and fiber waviness were 
investigated using LCR waves through the time-of-flight 
(TOF), phased array system through B-Scan image, and the 
SNR variation obtained from the TFM image. The defect 
of delamination was obtained inserting a piece of Teflon in 
the sample and the fiber waviness with a sphere of silica.

Using LCR wave, the variation of the time between 
positions has an average deviation of 0.010 µs. This variation 
does not allow for the identification of the presence and 
location of the defect.

For phased array system with B-Scan, images in real time 
were obtained in the region with defects, showing that the 
discontinuity can be identified by the method. The images 
of samples with delamination clearly determine the presence 
of the defect and indicate its depth. In samples with fiber 
waviness, the detection with B-Scan image were not so 
easy. In three of four samples the visualization of the defect 
was possible, but without precisely indicating its position.

In the analysis by SNR between positions of the samples, 
the results show that the variation is greater in samples with 
defects compared to samples without defects. A difference 
between maximum and minimum values of SNR of 1.47 dB 
was obtained in samples with delamination and 1.31 dB 
in samples with fiber waviness, compared to 0.72 dB in 
samples without defects.

The results showed that the SNR of the TFM image 
identified both defects under analysis; the B-Scan image 
detects the location of the delamination with better accuracy; 
and that the LCR wave is not efficient to detect these two 
types of defects in FRP composites.
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