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Abstract:  

Glass fiber-reinforced composite laminates in polyetherimide resin have been studied 

via terahertz imaging and ultrasonic C-scans. The forced delamination is created by 

inserting Teflon film between various layers inside the samples prior to consolidating 

the laminates. Using reflective pulsed terahertz imaging, we find high-resolution, 

low-artifact terahertz C-scan and B-scan images locating and sizing the delamination in 

three dimensions. Furthermore, terahertz imaging enables us to determine the 

thicknesses of the delamination and of the layers constituting the laminate. Ultrasonic 

C-scan images are also successfully obtained; however, in our samples with small 

thickness-to-wavelength ratio, detailed ultrasonic B-scan images providing quantitative 

information in depth cannot be obtained by 5 MHz or 10 MHz focused transducers. 

Comparative analysis between terahertz imaging and ultrasonic C-scans with regard to 

spatial resolution is carried out demonstrating that terahertz imaging provides higher 

spatial resolution for imaging, and can be regarded as an alternative or complementary 

modality to ultrasonic C-scans for this class of glass fiber-reinforced composites. 
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1 Introduction 

Fiber-reinforced composites provide an alternative to conventional structural 

materials such as concrete, steel, aluminum, and wood. Used for structural purposes, 

fiber-reinforced composites have the advantage of combining a number of properties 

not usually found together in a single material. In particular they combine high strength 

and low weight, while at the same time they may be resistant to corrosion and have 

thermal and electrical insulation properties. As a result, the wide applicability of 

fiber-reinforced composites has created the need for correspondingly advanced 

nondestructive evaluation (NDE) techniques for inspection and failure detection during 

manufacturing and maintenance. 

Various NDE techniques capable of characterizing damage and defects in 

fiber-reinforced composites have been developed. Among them, ultrasonic testing is the 

most well-known tool to characterize fiber composites, including ultrasonic C-scans 

[1-3], ultrasonic polar scans [4-5], nonlinear ultrasonics [6], and guided-wave inspection 

[7-8]. However, until now, only the ultrasonic C-scan technique has found widespread 

implementation in industry, because of simplicity of analysis and its effectiveness in 

geometrically locating damage and defects. In ultrasonic C-scans, the ultrasonic waves 

show specific transmission and reflection features depending on the spatial variation of 

acoustic impedance within the fiber-reinforced composite. Ultrasonic C-scans can 

provide a good trade-off between material penetration and measurement resolution, and 

ultrasonic C-scans in pulse-echo mode can also provide qualitative information in depth 
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for thick fiber composite samples [9]. 

Because of certain limitations associated with ultrasonic C-scans (see below), there 

is growing interest in alternative imaging modalities and NDE techniques, such as 

shearography, IR thermography, and X-ray radiography, to name a few. Considerable 

work has been carried out to compare such approaches with ultrasonic C-scans, which 

stands as the reference standard for NDE in these materials [10-15]. These comparisons 

highlight some of the difficulties associated with the ultrasonic C-scan technique in 

these materials: (1) negligible quantitative information in depth can be obtained in thin 

samples with small thickness-to-wavelength ratio due to the relatively large time 

duration of ultrasonic pulse signal; (2) because of the attenuation of ultrasonic waves in 

fiber-reinforced composites (especially in glass fiber-reinforced composites), the 

operating frequency cannot be sufficiently high (usually less than 10 MHz) [16], thus 

limiting the resolution; and (3) liquid coupling may be required. Although contactless 

ultrasonic techniques using laser [17, 18] and air-coupled transducers [19] have been 

proposed, problems (1) and (2) remain. Therefore, alternative nondestructive, 

noncontact, and nonionizing (to minimize health risks) techniques with relatively high 

resolution are still needed for inspection of fiber-reinforced composites. 

As an alternative to ultrasonic waves, we here investigate the use of 

terahertz-frequency electromagnetic waves. The terahertz (THz) portion of the 

electromagnetic spectrum extends from approximately 100 GHz to 10 THz, and lies 

between the microwaves and infrared; the wavelength range in this region is 3 mm 
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down to 3 µm. THz waves can penetrate numerous nonmetallic materials that may be 

opaque in the range of visible and infrared light [20]. Moreover, as nonionizing 

radiation, THz waves present minimal known health risks [21]. Due to these remarkable 

properties of THz wave, THz imaging was firstly introduced to NDE of fiber-reinforced 

composites in 2006 [22], and has already become a new promising tool nowadays [23]. 

For carbon fiber-reinforced composites, due to the conductivity of carbon fiber [24], 

THz waves have to date only been demonstrated to detect the defects near the surface of 

the material or in the coating material on a carbon fiber substrate [25, 26]. For glass 

fiber-reinforced composites, THz waves can penetrate further to detect buried and 

underlying defects, including voids, delamination, and intrusions [27-31]. THz waves 

can also been used to detect the fiber content and orientation inside glass 

fiber-reinforced composites [32, 33].  

In the present study, we carry out both THz imaging and ultrasonic C-scans of glass 

fiber-reinforced composite laminates in polyetherimide resin with delaminations. The 

defects are created by inserting Teflon film between various layers inside the samples 

prior to consolidating the laminates. Based on the results, we conclude that THz 

imaging can provide a nondestructive, noncontact, and nonionizing method to evaluate 

glass fiber-reinforced composites with higher spatial resolution, and can be regarded as 

an alternative or complimentary to ultrasonic C-scans. We point out, moreover, the most 

important merit of THz imaging is the ability of providing quantitative information in 

depth and three-dimensional imaging of the samples. 
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2 Samples and Experiment Setup 

Eight-harness-stain fabric glass fiber reinforced polyetherimide matrix laminates, 

shown in Fig. 1(a), are employed in the experiment. The samples contain eight layers 

with a total thickness of 1.85 mm, and the fiber volume fraction is about 50 vol.%. Two 

different circular sizes of defects with diameters 6 mm and 12 mm were intentionally 

introduced by adding release Teflon-film disks, with thickness approximately 250 µm, 

to create forced delamination. 64 samples were obtained by cutting the laminate from as 

fabricated 42 cm x 42 cm sheet down to 5 cm x 5 cm pieces, as shown in Fig. 1(b). 

Defects are spread throughout the laminate, so that most of the samples have one or two 

defects, and some have none; however, no samples had delamination visible at the edge 

nor was the delamination visually apparent or detectible by thickness variation 

measured by calipers. The defects are inserted between various layers. All samples 

presented the same visual appearance and possessed the same overall structure (apart 

from the delaminations). 

We employ a pulsed, broadband THz time-domain spectroscopy (TDS) system [22], 

shown schematically in Fig.2. The GaAs photoconductive antenna is excited by an 

ultrafast (femtosecond) laser to produce roughly single-cycle THz pulses with 

bandwidth extending from 60 GHz to 3 THz (corresponding wavenumbers 2 cm-1 to 

100 cm-1). The ultrafast laser used in our system is an Er-doped fiber laser that emits 

780 nm pulses with sub-100 femtosecond pulse duration at a repetition rate of 100 MHz 
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and has an average output power in excess of 65 mW. Coherent detection of the THz 

radiation is performed in a similar photoconductive antenna circuit. By gating the 

photoconductive gap with a femtosecond pulse synchronized to the terahertz emission, a 

current proportional to the terahertz electric field is measured. By varying the optical 

path length, the THz time domain can be sampled, resulting in both amplitude and phase 

information. By taking the Fourier transform, spectroscopic information can be obtained. 

The power of the THz radiation used for the measurement is below 1 µW, so no thermal 

strain is induced in the sample. 

Both reflection and transmission imaging can be performed in our system. The 

sample is raster-scanned by a set of motorized stages moving in X and Y directions, 

which similar to common ultrasonic C-scan equipment. The amplitude and phase of the 

THz pulse transmitted or reflected through the sample is measured. Refractive-index 

discontinuities as a function of depth produce multiple reflections off the various 

associated interfaces between laminae. These reflections are manifested in the 

transmitted or reflected pulse containing several peaks at corresponding time delays. By 

analyzing these peaks together with knowledge of the refractive indices of the 

constituents, we can reconstruct the sequence and thicknesses of the various laminae. 

3 Terahertz Imaging Results 

THz C-scan (i.e., across the 50 mm x 50 mm surface) image of sample 1 in 

reflection is shown in Fig. 3(a). The image is acquired with a 0.1 mm spatial step size 

over the image domain. The contrast mechanism chosen for this image is the difference 
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between the maximum and minimum values of the reflected THz pulse in a selected 

time slice between 13 ps to 20 ps. This was chosen to maximize contrast between 

regions containing delamination and regions without delamination. The THz pulse 

encountering a region containing a delamination leads to higher difference between the 

maximum and minimum reflected amplitude in the relevant time window due to the 

higher difference of the refractive index, which corresponds to the lighter two circular 

regions in Fig. 3(a) compared with the surrounding regions. We apply one common 

approach, the so-called 50 % rule or -6dB drop method, to estimate the size of the 

delamination [34, 35]. This method locates the pixel with the highest value in the 

C-scan image and assigns this a value of 100 %, then colors all pixels red that have a 

value of at least 50 % of the maximum. Fig. 3(b) shows the C-scan image after applying 

this method. Given this procedure, we can determine the area of the circular regions 

associated with delamination. The area of the larger circular region is 106.96 mm2, 

corresponding to a Teflon disk with diameter 12 mm (equivalent area: 113.10 mm2); the 

area of the small circular region is 25.88 mm2, corresponding to a Teflon disk with 

diameter 6 mm (equivalent area: 28.27 mm2). The dimension of THz focal spot mainly 

determines the accuracy of sizing the delamination. Diffraction effects at the edge of the 

Teflon film may also be responsible for the errors of sizing the delamination in our 

C-scan images. 

THz B-scan images in Fig. 4(a) and (b) provide depth information along sections 

[labeled Cut 1 and Cut 2 in Fig. 3(a)] through the two delaminations. Eight layers can 
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be clearly identified. The narrow bright band near an optical delay of 10 ps coincides 

with the top surface of the sample on the side of the incident THz pulses. The localized 

lighter bands between resin layers 2 and 3 (optical delay ~16 ps) correspond to the 

depth locations of the delaminations. Besides these two-dimensional imaging results, 

three-dimensional THz imaging produces end results similar to THz tomography [36, 

37], though the later typically employs back projection techniques and the Radon 

transform, which we do not do. Fig. 5 shows the three-dimensional THz image of the 

sample which clearly exhibits the locations of the delaminations. 

Various features that appear in B-scans of Fig. 4(a) and (b) can be illustrated by the 

temporal data associated with reflected THz pulses. In Fig. 6 are shown raw THz signals 

(electric field as a function of time) obtained from x,y regions absent or containing 

delaminations with layer information indicated by the various colors. The largest peak 

in all cases corresponds to the THz pulse reflected off the surface of the sample 1 on the 

side from which the THz pulses were incident. In Fig. 6(a) are data obtained from a 

delamination-free region for clarity. The various subsidiary peaks at optical delay >10 

ps correspond to pulses that have bounced back off various interfaces between resin 

layers [38]. Figure 6(b) shows the reflected THz pulse from a representative point in a 

delaminated region with the same data as in Fig. 6(a) for reference. The most notable 

new features are the two enhanced peaks appearing between the second and third lamina 

(optical delays 15.8 ps and 18.2 ps). These two enhanced peaks indicate the location of 

the Teflon film due to the relatively large refractive index mismatch between the resin 
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and Teflon. Because of this inserted Teflon film, lamina 3 is deformed and the 

corresponding peak in the time-domain THz signal is shifted to a larger optical delay. At 

later optical delays, the features in the region of delamination are similar to those in the 

delamination-free region. However, lamina 4 to 8 are compressed due to the fabricating 

process after adding the Teflon film, which ensured a uniform overall thickness of the 

entire laminate. 

A detailed investigation of the data in Fig. 6 provides quantitative information on 

the lamina and delamination thicknesses. In our case, these distinguishable reflected 

signals characterized by their optical delays in conjunction with the refractive indices of 

the constituent materials enable us to identify layer thicknesses and locations. For the 

cases with overlapping echoes, measurement of thicknesses can also be conducted based 

on the integration of time-domain waveforms mentioned in [39]. Because we can 

measure both the amplitude and the phase of the transmitted THz pulses (not shown), 

we can extract the index of refraction of the sample across the THz band, which varies 

little in this range and has the value of 2.16 in the frequency range from 0.3 THz to 1.3 

THz. Hence, we can calculate the thickness of any single resin layer; for example, the 

thickness of layer 1 is 

229
2

layer

PEI

t c
L

n


  µm ,                                            (1) 

where c is the in-vacuo speed of light, 3.3t  ps is the time between successive 

reflections, and the factor of one half arises since in reflection, the pulse passes through 

any given layer twice. We thus obtain a total sample thickness of 
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1.83
2

sample

PEI

T c
L

n


  mm ,                                          (2) 

close to the actual value of 1.85 mm. Similarly, using the published values of the Teflon 

refractive index 1.45 [40] and the time delay 2.4t  ps between the reflections 

associated with the interfaces between the Teflon and the adjoining polyetherimide 

layers, we can calculate the thickness of the Teflon film, 

248
2

Teflon

Teflon

t c
L

n


  µm ,                                            (3) 

again, quite close to the value of 250 µm of the inserted Teflon film. 

 

Table 1. Representative THz imaging results. 12 mm and 6 mm refer to Teflon disk 

dameters. 

Sample Number Defect Type Defect Location 

23 Two 12 mm  Between Layer 2 and 3 

10 One 12 mm and one 6 mm Between Layer 3 and 4 

60 One 12 mm and one 6 mm  Between Layer 4 and 5 

46 One 12 mm and one 6 mm  Between Layer 5 and 6 

51 One 6mm  Between Layer 6 and 7 

57 One 12 mm Between Layer 7 and 8 

 

We obtained THz images of all 64 samples, and we have in all cases identified the 

delaminations and have measured the thicknesses of the lamina and Teflon film disks. 

Representative results based on our THz images on samples with various defect patterns 

are shown in Table 1 corresponding to the C-scans, B-scans, and time domain 

waveforms are shown in Fig. 7. From the detailed analysis plus the results shown in Fig. 

7, we conclude that THz imaging can provide low-artifact images (time domain C-scan 

and B-scan)—and thus three-dimensional information—as well as quantitative 
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information on delamination in glass fiber-reinforced composite laminates. 

4 Ultrasonic Imaging Results 

A customer-designed ultrasonic scanner fabricated by Inspection Technology 

Europe BV is used for ultrasonic C-scan experiment. The transducer chosen for this 

investigation is a focused-immersion transducer with a manufacturer-provided central 

frequency of 5 MHz considering both the attenuation and resolution. Ultrasonic C-scans 

were performed on the samples with water coupling under both transmission 

(pitch-catch) mode and reflection (pulse-echo) mode over an area of 25 mm x 25 mm 

with a 0.1 mm scan step size in order to keep the same pixel size as the one we set in 

THz imaging. 

Figure 8 shows the ultrasonic C-scan images for samples 51 and 57 in both 

transmission and reflection, showing that ultrasonic C-scans can also successfully 

identify the delamination areas. The contrast for ultrasonic C-scan images are based on 

the absolute value of the amplitude of the ultrasonic transmitted or reflected wave. The 

typical transmitted and reflected waveforms obtained with and without the delamination 

are compared in Fig. 9. Note the much larger timescale of the ultrasound pulses versus 

the THz pulses. In the transmission mode shown in Fig. 9(a), the transmitted waveform 

in the windowed time slice is chosen to provide sharper contrast for the ultrasonic 

C-scan images, because this transmitted waveform traverses the samples three times. In 

the reflection mode shown in Fig. 9(b), the second echo, which is also in the windowed 

time slice, is chosen to obtain the ultrasonic C-scan images, since the first echo is 
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mainly the specular reflection from the sample surface.  

Again, we again apply the 50 % rule for sizing the delamination in the ultrasonic 

C-scan images, and we regard the pixels with values below the 50 % of the maximum as 

the delamination area in this case. Results for sizing the delaminations with the 50 % 

rule are shown in Fig. 10. The different sizing results between transmission and 

reflection mode can most likely be attributed to using the focused transducers. Factors 

including the finite dimensions of the focal point of ultrasonic transducer, diffraction 

effects at the edge of the defects and alignment errors of the transducers should be 

considered for the errors of sizing the delamination. 

With the ultrasonic waveforms in reflection mode, we can also obtain the ultrasonic 

B-scan images, shown in Fig. 11. In the B-scan images, we still clearly see the 

delamination region and can roughly locate the delamination in depth. Four signal peaks 

can be observed between the echoes from the top and bottom of the sample. However, 

unlike the THz B-scan images, these four peaks cannot be identified as the layers in the 

samples. Overlapping echoes coming from the top surface, the bottom surface and the 

interfaces between different layers and delaminations cause the local maximums in the 

signal making it difficult to identify the laminae and the delaminations inside the 

samples from the ultrasonic B-scan images. 

 

5 Comparison and Discussion 

Comparison between THz imaging and ultrasonic C-scans can be performed with 
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respect to the spatial resolution of images obtained from both cases. Spatial resolution 

contains two parts: lateral and axial resolution. 

Lateral resolution is the minimum distance that can be differentiated between two 

point scatters across the scan plane. The lateral resolution is high when the focal spot 

size of the beam is small. For THz imaging, the focal spot size of THz beam is 

frequency dependent, the higher the frequency, the smaller the spot size. In our THz 

TDS system, the lateral resolution at the surface is about 0.3 mm at 1 THz. For 

ultrasonic C-scans, lateral resolution is 1.95 mm for our focused transducers at 5 MHz. 

Therefore, THz imaging can achieve higher lateral resolution than ultrasonic C-scans, 

which can be corroborated by the comparison between the results of sizing the 

delamination by both techniques in Fig. 3 and 10. THz imaging can provide more 

accurate results of sizing the delamination than ultrasonic C-scans, especially for the 

small delamination. 

Axial resolution is the minimum distance that can be differentiated between two 

points in depth. Axial resolution is equal to half the spatial pulse length; it is high when 

the spatial pulse length is short. For THz imaging, the axial resolution d is determined 

by 

2

w

PEI

c T
d

n

 
 ,                                                          (4) 

where
wT is the temporal width of the THz pulse. The axial resolution in our THz TDS 

system is estimated to be about 45 µm with 
wT =0.65 ps. For ultrasonics, the spatial 

pulse length is equal to the product of the number of cycles in a pulse and the 
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wavelength. The acoustic wavelength at a frequency of 5 MHz is about 500 µm in our 

glass fiber-reinforced composite samples. The different axial resolution can also be 

identified from THz and ultrasonic waveforms, shown in Figs. 6 and 9. As mentioned 

before, we can clearly identify the various time-domain features associated with the 

THz pulse encountering each lamina interface as well as the delamination. By contrast, 

the timescale of ultrasonic pulses are quite different. The relatively long time duration 

of ultrasonic pulse leads to overlapping echoes in the small thickness-to-wavelength 

ratio samples and makes it difficult if not impossible to clearly identify features on the 

length scale of the laminae thickness and delamination. The fundamental point is that 

the ultrasonic axial resolution is not sufficient to obtain detailed B-scan images in our 

case. Employing considerably higher acoustic frequencies with shorter wavelength 

would seem to improve the axial resolution. Therefore, a 10 MHz focused-immersion 

transducer was used to provide a shorter wavelength, but the attenuation in this 

frequency range is prohibitively high in the samples, which in turn led to no discernible 

second echo signal in reflection.  

Therefore, THz imaging can provide higher spatial resolution than the ultrasonic 

C-scan technique for imaging our glass fiber-reinforced composite samples. Ultrasonic 

axial resolution is not sufficient to provide the quantitative information in depth for us 

to identify the number of laminae nor the thickness of the delamination. 

6 Conclusions 

In this study we have systematically carried out THz imaging and ultrasonic 

C-scan of 64 eight-layered glass fiber-reinforced composite samples based on 

polyetherimide resin. Using 6 mm and 12 mm circular pieces of 250-µm thick Teflon 

film, zero, one, or two delaminated regions were introduced in each sample between 
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various layers. THz imaging successfully located all delaminations without prior 

knowledge of their presence or location in various samples. In addition to locating and 

sizing the delaminations in the C-scans with high resolution, quantitative depth 

information was also obtained by B-scans. Moreover, THz imaging does not involve 

coupling medium, and therefore may be more convenient in some contexts.  

Comparisons between THz imaging and ultrasonic C-scans were also carried out 

based on the analysis of spatial resolution. THz imaging can provide higher lateral 

resolution for sizing the delamination, and higher axial resolution for the identification 

of the depth of a delamination quantitatively. Ultrasonic C-scans suffers from 

overlapping echoes in our samples due to the relatively low axial resolution. 

Considering the high attenuation in glass fiber composites, which only becomes worse 

at higher frequencies, a good balance between material penetration and resolution is 

also difficult to achieve in samples with small thickness-to-wavelength ratio. For these 

types of samples, THz imaging, which can provide a nondestructive, noncontact, and 

nonionizing method to evaluate glass fiber-reinforced composites, can be utilized as an 

alternative or complementary modality to ultrasonic C-scans. 
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Figure captions 

Fig. 1. (a) Typical optical micrograph of the in-plane section of the eight-harness-stain 

fabric glass fiber-reinforced polyetherimide matrix laminate; (b) Schematic diagram of 

samples indicating dimensions. 

 

Fig. 2. Schematic diagram of THz time-domain spectroscopy (TDS) system in both 

reflection and transmission. 

 

Fig. 3. (a) THz reflection C-scan image across 50 mm x 50 mm region of sample 1 

using the contrast mechanism associated with the peak-to-valley difference of the 

reflected THz pulse within the time window 13 ps to 20 ps. (b) THz C-scan image after 

applying 50 % rule for sizing the delaminations.  

 

Fig. 4. (a) and (b) show THz reflection B-scan images through the two yellow 

delaminations appearing in Fig. 3(a). The vertical direction corresponds to the depth 

direction in the sample. The THz field is polarized in the vertical direction in all figures. 

 

Fig. 5. Three-dimensional THz images for sample 1. [the x position is not indicated] 

 

Fig. 6. Time traces of detected reflected THz signal (time-dependent electric field) (a) in 

the absence of delamination, (b) with delamination. The boundaries between various 
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colors highlight the reflections associated with various interfaces between the lamina. 

Fig. 7. THz reflection images of representative samples corresponding to the results in 

Table 1. THz C-scans (a1) to (a6), B-scans (b1) to (b6), and time-domain waveforms (c1) 

to (c6) corresponding to sample 23, 10, 60, 46, 51, and 57, respectively. 

 

Fig. 8. Ultrasonic imaging C-scan results for samples 51 and 57. (a) 51 in transmission, 

(b) 57 in transmission, (c) 51 in reflection, and (d) 57 in reflection modes. 

 

Fig. 9. Ultrasonic time domain waveforms without and with delamination for sample 51 

in (a) transmission mode and (b) reflection mode. 

 

Fig. 10. Results of sizing the delaminations with 50 % rule corresponding to the 

ultrasonic C-scan images in Fig.9. (a) 51 in transmission, delamination area = 39.56 

mm2, (b) 57 in transmission, delamination area = 106.81 mm2, (c) 51 in reflection, 

delamination area = 35.20 mm2, (d) 57 in reflection, delamination area = 122.19 mm2. 

 

Fig. 11. Ultrasonic B-scan images for (a) 51 with x position at 18 mm, (b) 57 with x 

position at 18 mm. 
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Fig. 1. (a) Typical optical micrograph of the in-plane section of the eight-harness-stain 

fabric glass fiber-reinforced polyetherimide matrix laminate; (b) Schematic diagram of 

samples indicating dimensions. 
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Fig. 2. Schematic diagram of THz time-domain spectroscopy (TDS) system in both 

reflection and transmission. 
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Fig. 3. (a) THz reflection C-scan image across 50 mm x 50 mm region of sample 1 

using the contrast mechanism associated with the peak-to-valley difference of the 

reflected THz pulse within the time window 13 ps to 20 ps. (b) THz C-scan image after 

applying 50 % rule for sizing the delaminations.  
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Fig. 4. (a) and (b) show THz reflection B-scan images through the two yellow 

delaminations appearing in Fig. 3(a). The vertical direction corresponds to the depth 

direction in the sample. The THz field is polarized in the vertical direction in all figures. 
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Fig. 5. Three-dimensional THz images for sample 1. [the x position is not indicated] 
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Fig. 6. Time traces of detected reflected THz signal (time-dependent electric field) (a) in 

the absence of delamination, (b) with delamination. The boundaries between various 

colors highlight the reflections associated with various interfaces between the lamina. 
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Fig. 7. THz reflection images of representative samples corresponding to the results in 

Table 1. THz C-scans (a1) to (a6), B-scans (b1) to (b6), and time-domain waveforms (c1) 

to (c6) corresponding to sample 23, 10, 60, 46, 51, and 57, respectively. 
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Fig. 8. Ultrasonic imaging C-scan results for samples 51 and 57. (a) 51 in transmission, 

(b) 57 in transmission, (c) 51 in reflection, and (d) 57 in reflection modes. 
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Fig. 9. Ultrasonic time domain waveforms without and with delamination for sample 51 

in (a) transmission mode and (b) reflection mode. 
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Fig. 10. Results of sizing the delaminations with 50 % rule corresponding to the 

ultrasonic C-scan images in Fig.9. (a) 51 in transmission, delamination area = 39.56 

mm2, (b) 57 in transmission, delamination area = 106.81 mm2, (c) 51 in reflection, 

delamination area = 35.20 mm2, (d) 57 in reflection, delamination area = 122.19 mm2. 
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Fig. 11. Ultrasonic B-scan images for (a) 51 with x position at 18 mm, (b) 57 with x 

position at 18 mm. 

 


