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ABSTRACT 
 

In this paper, 3D ultrasound imaging in combination with image processing based on multiplanar 

volume reconstruction (MPVR) is proposed for detecting drilling-induced delamination in a fully 

reconstructed 3D image. The technique is experimentally tested by drilling a carbon fiber reinforced 

plastic (CFRP) plate with a diamond drill and reconstructing a 3D image of the defects. Using 

ultrasonic phase array imaging, a series of images are obtained for the different depths of the CFRP, 

which are then processed to reduce noise, increase contrast and detect edges that can be related to 

defects in the plate.  The series of filtered images are then stacked together for reconstructing a 3D 

image. Experimental results point out that MPVR allows for a better analysis and understanding of 

delamination defects over the entire 3D structure, allowing for the potential calculation of a more 

informative 3D delamination factor that could take into account the information measured from all 

internal layers. 

 

 
 

1. Introduction 
 

With the development of materials science and engineering, carbon fibre reinforced polymer (CFRP) 

composites are being fabricated for a wide range of lightweight structures, such as wind turbine blade 

and aircrafts. Drilling holes in these net-shaped composite components is the most common technique 

for assembly integration. Due to the low anisotropy and low interlaminar bonding strength of carbon 

fibre laminates, delamination and burr are easily produced during machining, especially at the entry 

and exit side. Although it can be potentially dangerous for running CFRP structures with delamination 

defects induced by drilling hole, it is extremely difficult to find small delaminated areas by simply 

visual inspection. Digital image processing has been introduced to evaluate and find the presence of 

drilled holes defects, using an evaluation factor for quantitatively assess the delamination defects [1]. 

However the use of visual inspection of the defects, even using image processing methods, is not 

always a reliable and safe method. For this reason, non-destructive methods, such as ultrasonic, X-ray 

radiography have been proposed to explore suspicious components into carbon fiber composites 

materials [2,3], including ultrasonic C-scans to examine the drilling induced delamination of woven 

CFRP laminate [4]. An evaluation method based on a delamination volume factor has been developed 

based on high frequency ultrasonic scanning microscope (SAM). This evaluation method obtains well 
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the entire delamination of a component, but it shows the damage by pieces of pictures on different 

sections, not displaying a damaged hole with delamination defects.   

 

In this paper, firstly ultrasonic phased array (UPA) is applied to detect a hole on a CFRP plate, which 

is drilled by an orthogonal drilling method. Then, the obtained images are processed using dedicated 

image processing algorithms to enhance contrast, reduce noise and detect edges. Finally, a 3D 

reconstruction of a drilled hole with delamination is performed, thus obtaining a 3D image that 

provides a basis for an ultrasonic scanning and 3D visualization.  

 

2. UPA Detection for Drilled Holes in CFRP Plates  
 

2.1 Principle of Ultrasonic Phased Array Imaging 
 

As a new industrial non-destructive testing technology developed in recent years, UPA can make use 

of flexible deflection and focus sound beam through orderly excitation of each array element, which 

can be a faster and more sensitive ultrasonic detection. The full focus technique is used to image the 

layered cross-section of carbon fiber laminated material. The first step is to divide the target area into 

square grids, then holographic reconstruction is carried out for the pixel points on each grid, and 

finally the whole pixel points are integrated to obtain the final detection image results [5]. One principle 

of full focus processing is to use only the useful information collected by full matrix capture (FMC) to 

inspect the object, and then automatically overlay each pixel to the target imaging (grid) area. These 

obtained images are stored in the computer for further processing. CTS-PA22T full focus (TFM) 

phased-array ultrasonic imaging equipment has been employed in the experiments presented below.  

 

2.2. Sample Preparation and Orthogonal Drilling Experiment 
 

The material used for experiments consists of CFRP laminates with a size of 240 mm×150 mm×5 mm, 

with 35 T300 prepregs. The placement angle of carbon fiber is a 0°/90° series, using a resin content of 

58%. Carbon fiber characteristic parameters are shown in table 1. 

 

Table 1. Characteristic parameters of CFRP 

Name 
Tensile strength 

(Mpa) 

Tensile modulus 

(Gpa) 
Elongation 

Density 

(g/cm3) 

Fiber diameter 

(μm) 

T300 3530 230 1.5％ 1.76 7 

 

This experiment was carried out on a CNC machine model XK7150 with a cutter type SANDVIK-

863.1 diamond drill with a diameter of 4.85mm. The method of orthogonal drilling was used to study 

the detection and quantitative evaluation of delamination defects under different machining parameters. 

The selected spindle speeds are 500 rpm, 1000 rpm, 2000 rpm, 3000 rpm, 4000 rpm, and the feed 

speed is varied to be 10 mm/min, 50 mm/min, 100 mm/min, 150 mm/min. All drilled holes are 

numbered, as shown in Table 2. The drilled holes and drill bit are show in Fig.1a.  

 

              Table 2. Cutting parameters and hole numbers 

 
Machining 

parameters 
500rpm 1000rpm 2000rpm 3000rpm 4000rpm 

10 mm/min #1 #2 #3 #4 #5 

50 mm/min #6 #7 #8 #9 #10 

100 mm/min #11 #12 #13 #14 #15 

150 mm/min #16 #17 #18 #19 #20 

 



 

 

 

 
 

Figure 1. (a) The drilled CFRP plate and drill bit, (b) scanned hole #17, and (c) UPA operation 
 
2.3 Image Acquisition by UPA Inspection 
 

The CTS-PA22T imaging detection system has 8 ⨯ 8 channels and the data can be parallel processed. 

The complete system is composed of a phased array full focus imaging system, phased array probe, 

monitoring host, wedge block and scanning device. During the experiment, the FMC data from the 

measured CFRP plate are processed through a high-speed hardware imaging technique operated by an 

FPGA and the high-precision real-time phased array 2D/3D full-focus imaging inspection. From all 

above drilled holes, the hole number 17 is selected to be scanned, as shown in Fig. 1b. Device 

scanning parameters are set on the connected computer, which are 35 dB gain, 60 V transmission 

voltage, 0.5 ~ 9.7 MHz filter. The inspection area covers a rectangular section of 10 mm ⨯ 10 mm, 

which is shown in Fig.1c.  

 

3. Image Processing 
 
Digital image processing techniques [6] are here used to reduce noise, increase contrast and detect 

edges of the acquired UPA images. In order to simplify the processing, the measured figures are first 

converted into grayscale format, as shown in Fig. 2a. These images are affected by noise, but also by 

blurring effect due to the non-perfectly uniform scanning process performed during the experiment. In 

order to reduce noise, different image denoising filters have been used, such as: Gaussian filter, mean 

filter and median filter. From all these methods, the median filter is a nonlinear denoising technique 

that allows for larger elimination of noise with minimum impact on the edge and detail information of 

the image [7]. Note that this is only valid for cases in which the image is affected by small to moderate 

levels of noise, as it is the case of the UPA images obtained in this experiment.  

 

It can however be observed that the distribution of the grey levels in the original image are mostly 

concentrated in a very specific range, as shown in the histogram of Fig. 2b, which indicate the poor 

contrast of the measured image. If this image is denoised, it typically results in a blurred image with 

much lower contrast (as shown in Fig. 2c), even if a nonlinear denoising filter, such as the median 

filter, is used. To increase the contrast, a histogram equalization technique is applied to the original 

image. After histogram equalization, the contrast of the image is highly enhanced, as can be observed 

in Fig. 2d, which has a much more uniform histogram distribution as shown in Fig. 2e. In order to 

reduce the noise present in the processed image, a median filter is applied, resulting in an image 

(Fig. 2f) with better contrast and lower noise that the original one (Fig. 2a). 
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Figure 2. Image denoising and contrast enhancement: (a) original grayscale image, (b) original 

grayscale histogram, (c) median filtered image, (d) image with higher contrast after histogram 

equalization, (e) equalization grayscale histogram, and (f) median filtered image 

 

In order to separate the useful from the useless information contained in the image, a thresholding 

process is applied to the histogram for binarization. The use of thresholding, followed by an edge 

detection technique, leads to the identification of damage areas in the CFRP plate. In the scale 0-255, 

the threshold has been evaluated in the range 80-95 (found empirically to provide the best binarization 

of the image). Figs. 3a-3d show the result of the segmentation for thresholds 80, 85, 90 and 95, 

respectively.  

 

After the image threshold segmentation is completed, further edge detection is needed to identify the 

defected areas. The Canny edge detection algorithm is used in this case, and results are shown in 

Fig. 3e-3h. An inspection of these figures points out that the use of a threshold equal to 90 leads to the 

best identification of defects. Actually, when the threshold is lower, as shown in the cases of 80 and 85, 

the outline of the defect is not complete, resulting in an unreliable identification of the edges of the 

defect. On the other hand, the defects shown in Fig. 4d with a threshold 95 are inconsistent with the 

actual situation. A methodology to better evaluate and quantify the impact of the threshold on the 

reliability of the detection is still under investigation. 

  

 
 

Figure 3. The results of segmentation and edge detection for four thresholds, ranging from 80 to 95. 
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4. 3D Reconstruction of Defects 
 

Finally, a 3D image is reconstructed using the UPA images corresponding to the different scanned 

depths. This can be preformed by any software that is able to handle 3D images. In this case, the 

processed UPA images have been loaded in a software called Mimics, which corresponds to a 

software highly used for the reconstruction of 3D images for medical applications. The results are 

presented in Fig. 4, in which the two sides of the CFRP workpiece are shown. In particular, the Fig. 4a 

shows the upper surface of the CFRP plate, corresponding to the entry side of the drill bit, which 

shows to have no defects. Fig. 4b, on the other hand, shows the bottom side of the CFRP plate (exit 

side), indicating the presence delamination defects. The thickness of the plate is 5 mm, and the 

reconstructed 3D image points out the presence of delamination only in the last 0.2 mm, indicating no 

delamination in depths above 4.8 mm.  

 
 

  Figure 4. 3D reconstruction of borehole: (a) entry side (without defect), and (b) exit side (with defect) 

 

5. Conclusion and discussion  
A method to reconstruct a 3D image of the delamination defect occurring in drilled CFRP plates has 

been proposed based on UPA scanning images. Thanks to its fast imaging speed, low cost and good 

testing accuracy, the technique can constitute a reliable non-destructive testing method for CFRP 

components with drilling-induced delamination. The 3D image can provide a method to build a global 

model of the defects, resulting in a powerful tool to attain a visual insight of exisitng damages and to 

better evaluate the state of a CFRP structure. 
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