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Abstract. The present study introduces two quantitative parameters to compare the accuracy of ultrasonic C-scan
testing and X-ray radiography methods in the damaged area detection under low-velocity impact in polymer-based
composites. For this purpose, the hand lay-up technique of composite processing was employed to prepare the
composite specimen. A composite specimen consisting of the glass fiber reinforced with the unsaturated polyester
resin was considered for this investigation. The impact tests at different energy levels were carried out to create
three damaged areas in this composite specimen. Because the glass/polyester specimen had a transparent surface, a
digital scanner was used to obtain an ideal image of specimen representing the region and edge of the impacted
areas. Two image quality factors were introduced as quantitative parameters to compare the ultrasonic C-scan and
X-ray radiography results with those of an ideal image. The results of this study showed that the ultrasonic C-scan
is a more accurate method for inspection of the GFRP specimen.
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1. Introduction

Composite materials have a wide range of applications in various industries such as aviation, space, boat, building, and
automotive [1]. Polymer-based composites, especially the fiberglass reinforced plastic (GFRP), are used widely for their
special properties like low fatigue, good thermal and acoustic insulation, high stiffness to weight and strength to weight ratios,
and better mechanical properties in comparison to metals [2]. Despite these properties, when they are subjected to various
types of loading under service conditions, the defects may initiate and develop in these materials, which can lead to their
failure. The defects are defined as any deviation from the ideal structure or component. The impact damage is a common defect
that may occur during manufacturing or in-service application of composites [3]. Because impacts are the primary cause of
delamination, it is necessary to assess composites production using non-destructive testing (NDT) methods, which enable the
detection of damaged areas.

Several studies have been conducted on the impact damage detection using various NDT methods. To name a few,
Maierhofer et al. [4], Usamentiaga et al. [5], and Meola and Carlomagno [6] used the thermography-based method to find the
impact damage area in CFRP and GFRP specimens. They found that thermography can find the defects, but deep defects and
delamination cannot be detected completely. Although Usamentiaga et al. claimed that their method is able to detect all defects
correctly, but their results did not represent such a high quality. Liang et al. [7], Cheng et al. [8], and Koyama et al. [9] used
Eddy Current Testing (ET) method. Liang et al. reported that the eddy current pulse thermography shows a better ability to
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detect small defects in the CFRP sample in comparison with the thermography technique. Rauter and Lammering [10] and
Capriotti et al. [11] used the guided wave to detect the damage. Rauter and Lammering reported their method can find the
micro-structural damage in CFRP materials. Hasiotis et al. [12] and Shen et al. [13] used ultrasonic C-scan for impact damage
detection in CFRP materials; they could detect all defects in their experiments. Ono et al. [14], Amoroso et al. [15], and
Chandarana et al. [16] used Acoustic Emission (AE) to monitor the materials during the manufacturing process as well as the
service time to find the defect area in CFRP specimens. Some studies used emerging NDT methods for impact damage
detection in composite materials. For example, Yunze et al. [17] used volume heating thermography (VHT) and inside heating
thermography (IHT) for advanced composite materials. Yunze et al. [18] used nonlinear ultrasound (NU) and vibro-
thermography (VT) NDT based on the shared excitation sources to detect barely visible impact damage areas in CFRP samples.
He et al. [2] reported that the pulse eddy current shows a higher reliability and a better defect detectability for deep defect in
honeycomb composite materials in comparison with optical methods like flash thermography and shearography. Other studies
used two or more methods to compare their ability and accuracy in the damaged area detection. For example, Cantwell et al.
[19] and Ravikiran et al. [20] used ultrasonic C-scan and Radiography, Chambers et al. [21] used acoustic emission and X-ray
radiography, Pieczonka et al. [22] used vibrothermography, shearography, and Ultrasonic C-scan to identify the place of impact
damaged area. Measuring the defect area is important because the larger the defect size in a structure, the less its service life is.
Therefore, it is necessary to find a quantitative parameter to evaluate and compare the accuracy of various NDT methods for
defect detection.

In this study, the GFRP plate was produced and subjected to the impact test. Because of the transparency of this specimen,
it can be scanned digitally to have an ideal image that demonstrates a clearly visible damaged area. Accordingly, the ultrasound
C-scan and X-ray radiography methods were used to find and measure the size of the impact defects. Moreover, two
quantitative Image Quality Assessment (IQA) parameters were introduced to compare the accuracy of NDT methods in order
to detect the impact area. The IQA values of C-scan and radiography images were calculated with respect to the digital scan
image (as an ideal image) in order to verify the precision of these methods in defect detection process of GFRP specimen.

2. Materials and Methods

2.1. Test Specimen Preparation

Two E-glass woven rovings with the area densities of 200 and 400 g/m? were used as reinforcements. The former was
supplied by Camelyaf Company, Turkey, and the latter was from Saze Morakab Company, Iran. A matrix composed of the
unsaturated polyester resin BUSHPOL 751129 with 40 wt. % styrene as a solvent with a viscosity of 6500 cP was supplied
from Bushehr Chemical Industry, Iran. Moreover, Methyl Ethyl Ketone Peroxide (MEKP) was used as initiator and Cobalt
Naphthenate was used as the accelerator; they were purchased from Iran Peroxide Company and AKZO Nobel, respectively.
The composite plate was made of the glass fiber along with the polyester resin using the hand lay-up method under the vacuum
condition. The test specimen with dimensions of 222mm X 150mm x 3mm with 6 layers was produced.

Projectile Loading
=
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¥

Main Gas Sﬁpply

Fig. 1. Impact testing device.

2.2. Impact Test

Impact tests were conducted by employing a gas-gun instrument (Fig.1). The gas-gun had a long smooth barrel (3 m) with
an interior diameter of 8.7 mm, a pressure release valve that could act fast, a unit for loading projectile, a supply gas vessel, a
gas reservoir with the volume of 500 ml for each shot, a target holder, and a ballistic paste to cease the projectile without any
disruption. For all impact tests, a hardened steel spherical projectile with a diameter of 8.7 mm was utilized. Because of the gas
pressure, the projectile was propelled from the gun barrel and collided with the specimen. If the projectile had a high velocity,
it could have passed through the specimen and stopped in the ballistic paste. In order to test the accuracy of NDT methods, it
was important to have impact-damaged areas in the specimen that were not visible to the naked eye. According to Nasirzadeh
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and Sabet [23], there is a linear relation between various gas pressures and initial projectile velocities (also initial projectile
energy) at low pressures. Therefore, the gas pressure can be changed such that the projectile does not pass through the
specimen to have invisible impact damage areas. Impact test was repeated three times to ensure the repeatability of the results.

2.3. Ultrasonic C-scan Method

The Ultrasonic pulse-echo immersion C-scan was used to assess the specimen subjected to the impact. The specimen was
tested using a focused broadband transducer (14 mm diameter, 27 mm focal length) with a center frequency of 1 MHz. The
ultrasonic testing system had a scanning bridge with a resolution of 0.025 mm, a 150 MHz Krautkramer HIS2 ultrasonic
pulser/receiver, and a 500 MHz Hewlett Packard 54520A digital oscilloscope used for the acquisition of the ultrasonic signals.
A personal computer was used to control the scanning process and trigger the pulser/receiver of emission and acquisition of
ultrasonic pulses. At each point of the scanning process, the ultrasonic waveforms were digitized and stored in the internal
buffer of the oscilloscope. Finally, the digitized signals were transferred to the computer. Fig. 2 illustrates a schematic sketch of
the experimental setup of immersion pulse-echo testing of the specimen. The ASTM E494-10 standard was used for the
ultrasonic test procedure. According to this standard, the specimen surfaces that are in front of the probe should be
perpendicular to the direction of flow energy and must have a surface finish of at least 3.2um and be at most + 3° non-parallel.
To scan the surface of the specimen, the scanning steps along the length and width of it were considered to be 1 or 0.2 mm.

Scan system

S pecimen inwater

Fig. 2. Schematic diagram of the ultrasonic C-scan test.

2.4. Radiography Testing Method

A nondestructive penetrant-enhanced X-ray analysis was used for composite specimens to assess the extent of the impact-
induced damage. At first, the specimens were immersed in a radio-opaque zinc iodide solution (60 g zinc iodide, 10 ml water,
10 ml isopropyl alcohol, and 6 ml Kodak Photoflo [24]) for 5 h. Therefore, the solution permeated in damaged areas and
enhanced the contrast between the damaged and intact regions by changing the X-ray absorption coefficient in damaged areas.
Then, the specimens were cleaned carefully with acetone and radiographs were made using an HP Faxitron cabinet (model
43855A). The radiographic system consisted of a self-rectified X-ray generator with a tube current of 3 mA and a voltage
output continuously adjustable between 10 and 130 KV. The X-ray equipment had an X-ray source and Beryllium window
with the size and thickness of 0.5 and 0.64 mm, respectively. Therefore, it could provide radiographic images with high
resolution for small to medium size specimens. In order to set the exposure settings and providing the best image quality,
radiographic exposures were preliminarily made using voltages varying from 20 to 50 kV and irradiation times ranging from
60 to 300 sec. for the GFRP specimen. The final radiographic images were obtained using a 30 kV voltage, a 3 mA current, and
a 180 sec exposure time to produce X-ray images on a fine grain AGFA NDT D4 film placed immediately below the under-
investigation specimen plate. The film and the X-ray source had an approximate distance of 60 cm. After film processing,
digital images of the film were prepared using a digital scanner (Canon DR-F120) at a resolution of 600 dpi for the direct
observation of damage and the measurement of the projected delaminated areas.

2.5. Image Quality Assessment

The image quality assessment is a very important issue in the image processing. The image quality is defined as the
visibility of distortion in the color, shifts, blurriness, and Gaussian noise of a given image that can be done subjectively or
objectively [25]. In a subjective way, human observers evaluate the quality of images. This method is the most accurate and
reliable one but it is expensive and time-consuming. The objective IQA methods consider mathematical models that can
anticipate the quality of an image precisely and automatically. An ideal objective IQA method should be able to emulate the
quality predictions of an average human observer [26-27]. Mean Square Error (MSE) is a prevalent objective IQA, which is
defined as the power of the difference between the reference and test images. MSE value can be calculated using the following

Journal of Applied and Computational Mechanics, Vol. 5, No. 2, (2019), 258-268 @@ A\Vf‘



Accuracy Assessment of Ultrasonic C-scan and X-ray Radiography Methods for Impact Damage Detection 261

equation:
1 &Y . S
MSE= 7 23 e (1) 1 (1) (l)

where W and H represent the width and height of the images, and I, and I, denote the reference and test images,

test
respectively. The peak signal to noise ratio (PSNR) commonly is utilized as an objective IQA. This parameter is calculated by
considering the MSE value. PSNR is the maximum possible power of a signal to power distortion ratio, which is calculated by:

D2
PSNR=10x1o 2
g(MSE] 2)

where D denotes the dynamic range of pixel intensities; e.g., for an 8 bits /pixel image D is 255 [28]. Besides, the PSNR is
measured in decibels (dB). Higher values of PSNR and MSE indicate higher and less similarity between test and ideal images,
respectively [29]. In this study, the binary images of the outputs of ultrasonic and radiography methods were considered as test
images while the output of the digital scanner was the ideal image.

2.6. NDT data fusion results

The NDT data fusion can be obtained by combining NDT images and using a signal-processing concept. The NDT data
fusion helps to increase the knowledge about the defect location and characterization and reduce obscurity. The aim of this
process is to evaluate the structural integrity of a material more accurately [30-31]. Several NDT data fusion processes are
applied to perform fusion of ultrasonic C-scan and radiography images at the pixel level. The maximum amplitude is obtained
by comparing pixel values and selecting the maximum amplitude of images. The integration is acquired by using "and"
operation of pixel values. The Bayesian analysis can be obtained by Eq. 3,

vid)p(d,
p(di /pV): féﬁdi);(pp(‘//()li) ©)

where p(d) is the prior probability of having a defect (d) in the specimen, and p(d/p v) is the posterior probability of
hypothesis (d) using the pixel value. The probability of defect occurrence usually assumes as 50% (p(d) =50) [30]. Such
probabilities for the ultrasonic C-scan and the radiography images are denoted as p(pv/d), and p(pv/d), , respectively.

3. Results and discussion

3.1. Ultrasonic Results
3.1.1. Ultrasonic A-scan

An immersion focal ultrasonic probe was used in this study because it can highly focus on the ultrasonic sound pressure at
a special point and detect very small discontinuities. In addition, it ignores non-relevant indications outside the focal length.
Fig. 3 illustrates the setup of ultrasonic pulse-echo immersion testing. A-scan signal corresponding to Fig. 3 setup is shown in
Fig. 4. In these figures, D; is the distance between the probe and the specimen, D, is the distance between the specimen and the
bottom of water reservoir (height of support), T is the thickness of the specimen, FS is the front surface echo, BW is the back
wall echo of the specimen, and R is the echo from the bottom of water reservoir. Figs. 4(a) and 4(b) demonstrate the signals for
intact and impact areas, respectively. By comparing these signals, it can be observed that the BW and R echoes disappear or
shift in the impact areas.
In addition, 2t; is the pulse-echo time delay between the front surface of the specimen and the probe, 2t; is the pulse-echo
time delay between the front surface and the back wall of the specimen, and 2t; is the pulse-echo time delay between the back
wall of specimen and the bottom of water reservoir (Fig. 4(a)). These parameters suggest the following relations:

D
2t1:V_1 (3)
W
T
2= 4)
sp
D
2t,=—=%
TV, )

where 'V, is the sound velocity in water and 'V is the sound velocity in the specimen.
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Fig. 4. The signal acquired from the setup shown in Fig. for: (a) intact areas (b) impacted areas.

3.1.2. Ultrasonic C-scan Results

If the surface of the specimen is parallel to the ground surface, the FS echo does not shift with changing the location of the
probe on the top of the specimen. In the C-scan test, there are two types of signals (as shown in Fig. 4(a) & (b)). If the probe is
on the top of the damaged area, BW echo is attenuated because of scattering in the entrance signal. In contrast, if the probe is
on the top of the undamaged area, the BW echo is not attenuated. After adjusting A-scan, all the surface of the specimen should
rapidly be checked to understand that the specimen surface is parallel to the probe scan surface. In the present study, a focal
probe was used for the ultrasonic C-scan method. In this probe type, it is possible to adjust the probe-specimen distance to have
a maximum energy of signals at a particular point and reduce the scattering noises. The maximum amplitude of back wall echo
was considered as a parameter to distinguish the impact and intact areas. Therefore, the focal point was set on the back surface
of the specimen. For this purpose, a D; parameter as in Fig. 3 was adjusted according to Eq. 3 to obtain the maximum
amplitude of back wall echo. Finally, the probe (Fig. 5) scanned the top surface of the specimen. To save time, the first step is
that all the surface has to be scanned with the step size of 1 mm at X and Y directions. The C-scan results of this step using the
maximum amplitude of back wall (BW echo is demonstrated in Fig 4(a)) for the specimen is shown in Fig. 6(a). After
identifying the location of the defect, these locations were retested with a step size of 0.2 mm at X and Y directions to
determine damaged areas more accurately. These results are shown in Figs. 6. three damage areas in the specimen were
detected. In addition, there are some defect-free areas wherein the back wall echo was attenuated. This result can be attributed

() SV
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to the high scattering of woven fibers, wrinkle defects, and irregularity of woven fibers distribution in the specimen. This result
can be attributed to the high scattering of woven fibers, wrinkling, and irregularities of fiber distribution in the specimen.

PC

Ultrasonic Transducer ”

Oscilloscope

Pulse Transmitter/
I o © o I Receiver

Fig. 5. Schematic diagram of the ultrasonic C-scan

X [rm]

15
X [mm]

Fig. 6. The result of ultrasonic C-scan for the specimen: (a) scan of all specimen surface with the step of 1mm, (b), and (c) scans of
damaged areas with the step of 0.2 mm.

3.2. Radiography Results

For the specimen, the fiberglass woven distribution was not uniform in all parts of the specimen. Moreover, X-ray
absorption coefficients between damaged and intact regions were not significantly different while the scattering level was very
high. Accordingly, it was very hard to achieve a high-quality X-ray image of the specimen. To obtain a best-quality X-ray
image for evaluating the specimen, a test setup was designed at six different levels based on voltage and exposure time factors
(Table 1). Fig. 7 illustrates the results of X-ray radiography of the specimens by changing radiography parameters based on
Table 1. As can be noted, the image of second setup (with a voltage of 40 kV and an exposure time of 180 sec) is completely
dark and thus is not reported in Fig. 7. According to Fig. 7, the best was achieved with a voltage of 30 kV and an exposure time
of 180 sec. Besides, it was found that the X-ray radiography is not a good method to detect the defect in the GFPR specimen
because at some particular voltages and exposure times, the edge of defects cannot be identified clearly due to the high X-ray
absorption coefficient of glass fibers.
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Table 1. Various setup conditions for the X-ray radiography testing of the specimen.

Number of setup  Voltage (kV)  Exposure time (s)

1 50 60
2 40 180
3 30 300
4 30 180
5 20 150
6 20 90

3.3. Image Quality assessment

To compare the accuracy of NDT methods, it is necessary to know the real size of the defect. In previous studies, artificial
defects were created using a thin layer of Teflon with a specified size between layers of composite [12] or drilling a bottom flat
hole on one side and testing the specimen from another side [32]. Destruction of the specimen is another solution to achieve
the real size of artificial defect [33]. In the first solution, all layers above the artificial defects exhibit a small bending over the
defects [12]. Therefore, the real size of the defect is larger than the embedded Teflon layer (the size of the artificial defect). In
the second solution, the peel-up or delamination may occur during the drilling process. Therefore, in this case, the size of the
artificial defect is larger than the drill bit diameter. In the destructive method, the real size of the defect can change. Taking
these together, it is necessary to have another method for measuring the real size of artificial defects.

In this study, the GFRP specimen was selected for its transparent property. The size of the impact area can be detected
accurately using a digital scanner (Canon DR-F120). Fig. 8(a) shows the ideal image, which is acquired from the digital scan
of the impacted GFRP specimen. Fig. 8(b) is obtained from Fig. 8(a) using an adaptive Niblack’s Algorithm [32] to convert it
into a binary image. In this image, the impact areas are white and the intact regions are black. Fig. 9(a) illustrates the C-scan
result of GFRP specimen by inserting Figs. 6(b) and 6(c) into the exact place of impact damage areas to improve Fig. 6(a). In
Fig. 9(b), an adaptive Niblack’s Algorithm [34] is used to convert Fig. 9(a) into a binary image and distinguish impact (white
regions) and intact (black regions) areas. Fig. 8(b) is resized by considering the relation between the number of pixels and the
real size of the specimen, which was measured by a caliper. Fig. 9(b) is resized by considering the scan step of C-scan that was
0.2 mm in X and Y directions. Fig. 10 presents the binary of X-ray radiography image of the specimen. This image is resized
by considering the size of radiography film. It is clear that Fig. 9(b) is highly similar to Fig. 8(b), proving the high accuracy of
the ultrasonic C-scan method for damage detection in the GFPR specimen. In contrast, Fig. 10 is not similar to Fig. 8(b) and
the edges of defect areas are not clear. Therefore, the X-ray radiography is not an accurate method for damage detection in the
GFPR specimen.

{a)

| .’,_ AR B ki 3 e o
S S e
Fig. 7. Digital scan of X-ray images obtained from the specimen in: (a) a 50 kV voltage and exposure time of 60 sec (b), a 30kV voltage

and exposure time of 300 sec, (c) a 30kV voltage and exposure time of 180 sec, (d) a 20kV voltage and exposure time of 150 sec, and (e) a
20kV voltage and exposure time of 90 sec.

Moreover, these images have the same pixel/mm size and are comparable to calculate MSE and PSNR as in Egs. (1) and
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(2). The values of MSE and PSNR, according to these equations, are given in Table 2. Based on these equations, it can be
proved that a decrease in the MSE and an increase in the PSNR lead to a consequent increase in the accuracy of the test image
(the results of NDT methods). Therefore, the accuracy of the C-scan method is more than that of the X-ray radiography method
for the GFRP specimen. Moreover, the impact areas can be measured using the ideal image, C-scan, and X-ray radiography.
For this purpose, images were calibrated by considering the dpi of scan images (for radiography and ideal images) or the scan
step (for ultrasonic C-scan results) in the ImageJ software. Measured impact areas for higher, middle, and lower damaged areas

in the CFRP sample are given in Table 3 (According to Fig. 8 (a)). The error obtained from the C-scan method (5.09%) is
considerably less than that of the X-ray radiography method (39.04%).

(a)

Y [mim]

0 2 M) 6 80
X [mm] X [mm]

Fig. 8. (a) Digital scan of the specimen and (b) binary image of (a).

0 20 40 B0 80

20 40 60 80
X [mm]

X [mm)

(a) (®)

Fig. 9. (a) Ultrasonic C-scan of the specimen by selecting Fig. 6 (b) and (c) in the exact place of impacted damage areas to obtain the
complete scan of the specimen and (b) the binary image of Fig. 9 (a).

Y [mim]

40
X [mim]

Fig. 10. The binary image of the X-ray radiography
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Table 2. The MSE and PSNR values for the ultrasonic C-scan and X-ray radiography methods.

Methods MSE PSNR
C-scan 0.0017 174.4951
X-ray radiography  0.0050  163.8222

Table 3. Impact region areas calculated using the ultrasonic C-scan and X-ray radiography methods.

Defects Digital Scan C-scan X-ray Radiography

Area (mm?) Area (mm?) Error (%) Area (mm?)  Error (%)
Higher damage area 328.448 314.92 4.12 158.495 51.74
Middle damage area 486.432 453.96 6.67 324.130 33.37
Lower damage area 364.666 350.60 3.86 236.380 35.18
Total 1179.546 1119.48 5.09 719.005 39.04

3.4. NDT data fusion results

By using data fusion techniques, more reliable results can be acquired [31]. Figs. 11(a) and (b) were obtained from
integration and maximum amplitude NDT data fusion methods, respectively. The results of the Bayesian approach were
achieved by combining the data from NDT images by considering the p(d)=0.5 and p(pv/d), equal to 0.7 (due to higher
accuracy of this method in comparison with radiography in this sample). Figs. 11(c), (d), and (e) were obtained by using the
p(pv/d), value equal to 0.2, 0.5, and 0.7, respectively. These findings disclosed that increasing the conditional probability
value of the radiography method led to the increase in the knowledge of this method. It was noticeable that the integration
method had the most compatibility with the ideal image (Fig. 8(a)). These results were in accordance with those of Gros et al.
[30].

(c)

120 120

e

8

Y{mm]
Y[mm]|
2
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Vlmm|
2

Fig. 11. The result of data fusion from NDT images resulting from (a) integration method, (b) maximum amplitude method and Bayesian
analysis with p(d)=0.5 and p(pv/d), =0.5 and (¢) p(pv/d), =0.2,(d) p(pv/d), =0.5 and(e) p(pv/d), =05.

Fig. 12(a) shows the superposition of binary X-ray radiography and ideal images. In this figure, defects in the binary X-ray
radiographic image are shown in black and defects in the ideal image are indicated in green. There are many areas in X-ray
radiography results that are wrongly identified as defect areas. Fig. 12(b) demonstrates the superposition of binary C-scan and
ideal images. In this figure, defects in the binary C-scan image are displayed in white and defects in the ideal image are shown
in green. As can be seen, there is an appropriate match between these two images. On the other hand, the use of the ultrasonic
C-scan method is more time-consuming and costly and requires more skill to process the signals. However, it has a higher
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accuracy and gives better results for the GFPR specimen. In comparison, the X-ray radiography is a very simple method.
Accordingly, the choice of the best NDT method depends on the type of the material.

100

80

¥ [mm]

Y [mm]
an
E

40

20

0 20 40 50 80
X [mm]
(v)
Fig. 12. (a) Superimposed binary image of X-ray result (black) on the binary digital scan (green) of the specimen and (b) Superimposed
binary image of the ultrasonic C-scan result (green) on the binary digital scan (white) of the specimen.

4. Conclusions

Today, composite materials are widely used in industries and structures because of their favorable properties. However, the
defect and impact damage may develop during the production or service time of these materials. Therefore, NDT methods play
a key role in the material quality inspection. The accuracy of various NDT methods depends on the type and the application of
materials. This study introduced MSE and PSNR formulas as procedures to compare NDT methods for the impact damage
detection in the GFRP specimen. It was found that the MSE value was higher for the X-ray radiography while the PSNR was
larger for the ultrasonic C-scan method. The results revealed that ultrasonic C-scan is a better method for impact detection in
the GFRP materials. This procedure opens up the scope for future work in this area to assess the accuracy of other NDT
methods for various materials.
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