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Abstract

:

Non-destructive testing of the cracks on the in-service bolt’s shank with size M18 is a challenging technical problem. Due to the weak echo energy of cracks with large buried depths, the conventional phased array ultrasonic sector scan imaging has a low signal-to-noise ratio, resulting in the effective defect echo submerged in the structural wave of bolts. This work proposes a method of phased array ultrasonic sector scan imaging based on vector coherence factors to detect the microcracks on the surface of the bolt shank. This is achieved by weighting the phased array sector scan imaging with the vector coherence factor to detect the microcracks of the in-service helicopter damper bolt. Experimental work is also carried out to contrast the SNR value of cracks at buried depths of 70 mm and 90 mm with traditional phased array ultrasonic sector scanning images. This demonstrates that the proposed phased array ultrasonic sector scan imaging based on vector coherence factors detected the cracks with a depth of 0.1 mm at the buried depth of 90 mm. The SNR value of the cracks at the buried depth 70 mm in DAS_VCF images is improved by 11.67 dB, compared with the traditional DAS images, in the case of the focus depth at 60 mm.
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1. Introduction


The helicopter hub damper bolt is an essential fastener on the helicopter propeller system and plays a role in connecting, positioning, and so on. During the helicopter service, serious safety accidents may occur from bolt fatigue resulting from the damper bolt shanks being subjected to alternating loads for a long time [1]. Hence, the safe operation of the helicopter needs to undergo regular non-destructive testing and evaluate the service life of fatigue crack initiation and the propagation life of the damper bolt shank [2,3].



Currently, the common non−destructive testing method is to remove the bolt and then detect the bolt with magnetic particle testing or penetrant testing [4,5,6]. However, these methods have the disadvantages of a heavy workload, long detection cycle, and low efficiency [7]. More importantly, potential safety risks for helicopters may exist due to improper commissioning during bolt disassembly and reassembly. Therefore, in the presence of in−service bolts, non-destructive testing of fatigue cracks on the bolt shanks of in−service dampers is of great significance for ensuring the safe operation of helicopters and reducing the working intensity of operators.



With strong penetration ability, fast detection speed, and strong detection mobility, ultrasonic testing is a non-destructive method widely used in metal material flaw detect-ion [8]. However, the ultrasonic beam is difficult to shoot into the crack root of the bolt effectively due to its narrow and tall structure. When using the conventional ultrasonic testing method to detect the cracks of bolt shanks, missed detection and misjudgment of cracks are easily caused by the pseudo defects and interference wave from waveform conversion [9].



Compared with the conventional ultrasonic method, phased array ultrasonic testing technology has advantages, including optional deflection angle of the sound beam, adjustable focusing depth, and high detection sensitivity [10,11]. At present, fatigue cracks of bolt shanks have been detected with ultrasonic testing in the port [12], nuclear power [13], and other industries. For example, defect echoes of cracks can be intuitively distinguished from the structural interference wave in the ultrasonic detection of in−service bolt shanks, combined with the signal characteristics of phased array S−scan imaging and A−scan in the ultrasonic view [14]. Compared with conventional ultrasonic testing, implementation of the phased array ultrasonic S−scan detection method improves the detection accuracy and reduces the rate of missed detection and misjudgment caused by the detection personnel.



Generally, the diameter of port bolts is larger than M30 [12]. It has been shown that ultrasonic detection of cracks in port bolt shanks requires the detection accuracy to reach a 0.5 mm depth [15]. By contrast, compared with the bolts used in ports, nuclear power, and other fields, the service conditions of helicopter damper bolts are more stringent. Hence, to ensure the safe operation of the helicopter hub, it is necessary to detect more minor cracks in damper bolts effectively [16]. Moreover, there is a high demand for the detection of deeper cracks due to the bolt shank size of the helicopter damper M18 × 120. However, due to the weak echo energy of cracks with large buried depths, the conventional ultrasonic phased array S−scan imaging has the problem of a low signal−to−noise ratio, resulting in the effective defect echo submerged in the structural wave of the bolts [17].



In terms of improving the signal−to−noise ratio, researchers have carried out lots of efforts [18,19,20]. Among them, adaptive coherent weighting [21] is a common post−processing imaging method which calculates the weighting coefficient according to the coherence of the echo signal of each pixel and carries out coherent weighting on the original DAS (delayed and sum) signal. Compared with the signal−to−noise of the original image, adaptive coherent weighting improves the signal−to−noise ratio of TFM [22] (total focusing method) and CPWC [23] (coherent plane wave compounding) images. At present, adaptive coherent weighted imaging technology has been widely used in CPWC and TFM imaging. In contrast with CPWC and TFM, the adaptive coherent weighting of phased array ultrasonic sector scan imaging requires the calculation of the phase information of RF signals at each phase angle.



In addition, noise resulting from the structure of the bolt shank and pseudo defects will disturb the identification of real defects. Therefore, the adaptive weighting methods based on amplitude of signal is not applicable to the detection of such components [24]. In contrast with the adaptive weighting method based on ratio and standard deviation [25,26], a series of adaptive weighting method based on instantaneous phase is proposed and wildly used in plane wave imaging [27] and the total focusing method [28,29]. Among them, VCF (vector coherence factor), a phase coherent weighting factor, is proposed by Camacho et al. [23] and is more sensitive to the phase of the signal and suitable for the coherent weighting of sector scan RF signal data at each phase angle compared with the adaptive weighting factor based on amplitude of the signal. However, there is no literature report about phase−coherent weighted imaging of phased array sector scans.



In this paper, we firstly apply VCF to phased array sector scan imaging to detect microcracks with large buried depths effectively and improve the signal−to−noise ratio of the crack images. In addition, the phased array ultrasonic detection ability of the helicopter bolt shank crack is analyzed and demonstrated by the echo response of the artificial groove. Furthermore, the crack detection limit of the key loaded position of the damper bolt screw crack is determined and then provides theoretical and practical guidance for the bolt safety service evaluation.




2. Principle


2.1. Phased Array Ultrasonic Sector Scan Imaging


A schematic diagram of the beam forming process for phased array sector scanning imaging is shown in Figure 1. Assume that the linear array consists of N elements, whose index number is n(1 ≤ n ≤ N), and the center distance between the adjacent two elements is dpitch. Figure 1a shows that the coordinate system xOz is established with the array center as the coordinate origin. The array element arrangement direction and screw depth direction are the positive directions of the x−axis and z−axis, respectively. Let there be a total of M emission angles and keep the focal length DF constant. The kth emission angle focuses on point F at the sound speed cl, and the deflection angle between point F and the z−axis is |θk|. Then, the delay time τn of the nth array element is given by:


   τ n  =    D F     c l     [  1 −   1 +    (    n  d  p i t c h      D F     )   2  − 2   n  d  p i t c h      D F    sin  |   θ k   |     ]   



(1)







In the unit of emission angle, the RF signal is stored in the form of a 2−D data matrix Nf × N, where Nf represents the number of samples, as shown in Figure 1b. After coordinate transformation, the ultrasonic sector scanning imaging shown in Figure 1d can be obtained by adding along the direction of the array elements. Then, the amplitude of the RF signal at the kth emission angle θk can be expressed as:


   I   θ k    =   ∑  n = 1  N    S  τ n      



(2)




where Sτn is the delayed data received by the nth array element at the kth emission angle θk.




2.2. Vector Coherence Factor


According to the Euler formula, the complex signal can be given by the formula S = |h|(cosφ + i sinφ), where |h| represents the mode length of the signal and i denotes i2 = −1. When |h| is equal to 1, the complex signal only contains phase information. On the angular scale, the complex signal can be regarded as the unit vector Xn = (cosφn, sinφn), which can be represented by phase angle φn. For the unit vector sample {X1, X2, …, XN} of size N, the length of its mean resultant vector can be expressed as:


   | R |  =    a 2  +  b 2    ∈  [  0 , 1  ]   



(3)




where a and b respectively represent the real part and imaginary part of the resultant vector, which are expressed as:


   a =  1 N    ∑  n = 1  N   cos  φ n      ,   b =  1 N    ∑  n = 1  N   sin  φ n      



(4)







According to Equation (3), the length |R| of the mean resultant vector can represent the distribution consistency of the phase angle φ. As shown in Figure 2, when |R| approaches 1, it indicates that all angles are concentrated in a specific direction. When the value of |R| is very small or even close to 0, it shows that the unit vector samples are randomly distributed, and the direction consistency of the phase angle is poor.




2.3. Sector Scan Imaging Based on Vector Coherence Factor


The processing object of sector scan imaging coherent weighting is an A−scan signal at each emission angle. For the sector scan emission angle θk, the flow chart of the coherent weighting of the A−scan signal is shown in Figure 3.



At the kth emission angle, aperture data {S1, …, SN} represents the RF signals received by the nth array element. According to circular statistics, the instantaneous phase angle of {S1, …, SN} can be regarded as the angles sample {j1, …, jN}. Then the unit circle is composed of cosine and sine values of the instantaneous phase. Under this condition, as shown in Figure 3, the process of the VCF weighting for sector scan images is as follows:



Step I: By recession delay processing for the aperture data {S1, …, SN}, the signal amplitude slice set {Sτ 1, …, Sτ N} of delayed data is summed and forms an A−Scan signal for imaging in kth emission angle;



Step II: Before recession delay, extract the {cosjφτ 1, …, cosjφτN} and {sinjφτ 1, …, sinjφτ N} components from {S1, …, SN} by Equation (5). Then, the VCF weighting factor for sector scan imaging is obtained using Equation (6). According to Equation (7), the summed A−Scan signals for imaging with kth emission are weighted by VCF and finally form the weighted sector scan image.



The instantaneous phase φn can be expressed as:


   φ n  = arctan   i m a g   r e a l   = arctan   h (  S n  )    S n     



(5)







According to Equations (3) and (4), another expression of |R| of the mean resultant vector length in sector scan imaging, i.e., the VCF of the A−Scan signal for θk, is as follows:


  V C  F   θ k    =      (   1 N    ∑  n = 1  N   cos  φ  τ n      )   2  +    (   1 N    ∑  n = 1  N   sin  φ  τ n      )   2     



(6)







Then, the A−scan signal with emission angle θk is weighted by VCF, and the expression of the sector scan image is:


   I   θ k  − V C F   =  I   θ k    · V C  F   θ k     



(7)







According to Equations (3)~(6), it is not difficult to find that VCF is a method to reflect the degree of phase coherence through the mean resultant vector length, and its value range is [0, 1]. At a certain emission angle, when the phase of the delayed signals of all array elements is highly consistent, the VCF tends to 1; on the contrary, when the phase of the delayed signal is randomly distributed, the VCF tends to 0.



Furthermore, VCF can be used as a weighting factor for beam−forming image reconstruction, and the factor itself can be directly used for imaging. At the same time, the adaptive beam−forming process can also be performed by multiplying the conventional image and the coherent image.





3. Experiment


3.1. Instrument Introduction


As shown in Figure 4, The phased array ultrasonic S−scan imaging equipment is a Vantage 32LE system from Verasonics in the US, and the probe is connected with the 32−channel interface of the signal acquisition system. The acoustic beam emission angle is −30~30°, with an interval of 1°, a total of 61 emission angles. The sampling frequency is 62.5 MHz, and the propagation speed of the sound wave in the bolt is 5900 m/s. Five focusing depths, 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm, were set to explore the influence of focusing depth on imaging results. The model of the linear array ultrasonic transducer is 15L32−0.25 × 10 from Guangdong Shantou Ultrasonic Electronics Co., Ltd., in Shantou City, Guangdong Province. as shown in Figure 5. The main parameters of the transducer are shown in Table 1.



The probe is in direct contact with the end face of the nut. The oil is used as the coupling agent between the probe and the nut to realize the contact detection, ignoring the influence of the coupling agent on the detection results. Make the echo at the bottom of the thread symmetrical about the central axis of the sector image, and take the echo at the bottom of the thread and the sidewall of the bolt in the figure as the reference. Then, according to the high amplitude echo on the sidewall of the screw, rotate the probe’s position to determine the crack’s position on the sidewall of the bolt. In the vicinity of the bolt sidewall crack, the probe was slowly rotated to adjust the amplitude of the defect to weaken the deformation wave caused by the reflection and refraction of the bolt sidewall. Finally, the probe was fixed, and the raw data were collected for ultrasonic phased array sector scanning imaging.




3.2. Materials


The raw material of the experiment is the helicopter hub damper bolt, as shown in Figure 6. The surface of the bolt shank has a tungsten carbide coating with a thickness of 0.2 mm. The main parameters of the bolt are shown in Table 2. To simulate real cracks, the artificial grooves were machined on the surface of the bolt shank in this work. The parameters of the artificial grooves are shown in Table 3.




3.3. Image Quality Index


According to Equations (5)~(7), the traditional sector image of the bolt sidewall cracks is processed by VCF weighting and imaged using MATLAB. SNR was used to evaluate the magnitude difference between the defect signal in the image and its surrounding noise signal. The definition of SNR is as follows:


  S N R = 20  log  10    (     I s     I n     )   



(8)




where Is and In represent the average intensity of the signal and background noise in a specific imaging area, respectively.





4. Results and Analysis


4.1. Imaging Results


A set of experiments was carried out to verify the validity of vector coherence factor weighting. Images are shown on a logarithmic scale with a dynamic range of 100 dB. Figure 7 and Figure 8 show the images of grooves with a depth of 0.1 mm, and the buried depths of 70 mm and 90 mm, respectively.



Figure 7 (left) shows original images obtained with phased array ultrasonic S−scan imaging without further processing, including (a), (d), (g), (j), and (m), whose focus depths are 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm, respectively. As shown in the red rectangle in Figure 7a, the sidewall secondary echo caused by waveform conversion is seen in the middle of the sector−scan image, while the reflected echo of the sidewall on the bolt shank is vaguely observed. The defect echo of crack appears on the sidewall of the bolt shank, located at the depth of 70 mm and can be intuitively distinguished from the structural interference wave in the DAS images.



Figure 7 (middle) shows the images of VCF weighting factors, including (b), (e), (h), (k), and (n) with focus depths of 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm, respectively. All of the defect echoes, reflected echoes of the sidewall on the bolt shank, and artifacts caused by waveform conversion are seen in the middle of the VCF image.



Figure 7 (right) shows S−scan images weighted by the VCF, including (c), (f), (i), (l), and (o) with focus depths of 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm, respectively. Dynamic range and signal−to−noise rate improve with regard to original S−scan images. Moreover, both amplitudes of background noise and artifacts caused by waveform conversion are reduced in the DAS_VCF image. Moreover, in both cases with VCF weights or without, the display of defects in the DAS_VCF image is clearer with the focus depth increasing. However, due to the attenuation of acoustic energy, the echo of defects at 90 mm depth is less than 70 mm.



Mostly, the size of the crystal grain for the heterogeneous medium is smaller than the wavelength. In contrast, the continuous interface of steel-air is equivalent to a large scatter. Therefore, the received signals of the pulse−echo are mainly from the sidewall of the bolt shank, and little from the bolt inside, thus the VCF in the sidewall echo higher than inside. While in the case that there is a groove on the surface of the bolt shank, the consistency of phase for defect is highest, i.e., the value of VCF factor of the groove is highest and close to 1 and that of the medium scattering signal is close to 0, as shown in Figure 7b.



Furthermore, in addition to the noise introduced by the inhomogeneous medium, there is very strong electrical noise in the image, as shown in the orange rectangle of Figure 8m. In the process of detection, a large transmission voltage and time−gain compensation are required due to the large defect with a deeply buried depth, and a strong noise is introduced by a large transmission voltage and time−gain compensation. However, as shown in Figure 7c, the noise in the image can be eliminated basically after VCF weighting due to the value of the VCF factor of noise being low.




4.2. Image Quality with Different Focus Depth


The images of defects with different focus depths at the buried depth of 70 mm are selected to evaluate the image quality and verify the performance of the DAS_VCF algorithms. The defects are selected with the green rectangle, and located in the center, as shown in Figure 7c and Figure 8a. What is more, the area of interest region is 2.8 × 1.1 mm while calculating the SNR, i.e., the area of the green rectangle. According to Equation (8), the SNR of defects with different focus depths is calculated. The SNR of cracks with DAS and DAS_VCF algorithms are shown in Table 4.



Both SNR of cracks at the buried depth of 70 mm with DAS and DAS_VCF algorithms increase with the focus depth increasing, as shown in Table 4. When the sound beam is focused at the depth of 30 mm, the focusing ability decreases with the propagation of the sound. Due to the target defect at the buried depth of 70 mm is far from the focusing range, the SNR of the traditional S−scan image is 11.24 dB and the lowest. Outside the focus region, the phase alignment of the echo signal from the target defect is low but still higher than the spurious signal. Hence, VCF weighting improves the SNR of the DAS image, according to the phase difference. When focusing depths at 60 mm and 70 mm, the focusing ability of the sound beam at the target defect is strong, and the SNR of the same algorithm is almost the same and reaches the maximum. Compared with DAS algorithms, in the case of the same focus depth with the same buried depth, the SNR of the crack is improved in images obtained by DAS_VCF algorithms.




4.3. Enhancement Effect of VCF Weighting with Different Focus Depths


The defect at the buried depth of 90 mm is selected to study the influence of focus depth with VCF weighting. The selected region is in a green rectangle, as shown in Figure 8. Both SNR of cracks at different focusing depths with DAS and DAS_VCF algorithms are calculated and compared with the SNR of cracks of the buried depth at 70 mm. The SNR curve is drawn, as shown in Figure 9.



As shown in Figure 9, the variation trend between the SNR value of crack at buried depth 90 mm and 70 mm is the same, and the SNR value increase with the focus depth increasing. With the VCF weighting, the SNR value of DAS_VCF is better than that of DAS. During the propagation processing, due to the beam’s energy attenuation being serious at the large buried depth, makes the amplitude of defect echo received by the transducer is low and results in the SNR value of crack at the buried depth of 90 mm usually being lower than that of 70 mm in DAS images. Moreover, due to the focus region of the sound beam does not cover the defect by 90 mm, the phase consistency of defect echoes is dispersed. Hence, the VCF weighting effect of cracks at the buried depth of 90 mm is half that of the cracks at the buried depth of 70 mm.



Unlike the TFM and CPWC, sector scan imaging performs the test by the focusing sound beam. The focusing effect of the actual physical focus point is essentially different from that of the post-processed virtual physical focus of TFM and CPWC. In addition, active focusing is the signal acquisition strategy of sector scan imaging. Therefore, compared with the signal acquisition strategy of plane wave and full matrix capture, the coherence effect of defects is different in sector scan imaging. In addition, extracting instantaneous phases before and after receiving delayed processing will also lead to different phase coherence effects. It can be determined that the artificial groove of bolt shank cannot be detected, or even sidewall images of the bolt shank cannot be observed with TFM and CPWC under the same experimental conditions. Our research is only on sector scan imaging based on VCF weighting. The primary purpose is to improve the resolution and signal−to−noise ratio of traditional phased array sector scan imaging. Furthermore, this paper has analyzed the application of VCF factors in sector scan imaging. It hopes to enlighten the readers who study the imaging of such complex components, and more readers can recognize the application prospect of sector scan imaging based on VCF weighting.





5. Conclusions


This work has demonstrated the validity of crack detection with the depth of 0.1 mm at a deeply buried depth by combining vector coherence factor weighting with phased array ultrasonic S−scan imaging in the presence of crack detection of in−service bolt shanks. Moreover, the experimental result shows that the crack with 0.1 mm at the buried depth of 90 mm on the surface of the in−service bolt shank is detected efficiently by DAS algorithms. Furthermore, the image’s background noise and the bolt shank’s secondary echo are suppressed. Additionally, the SNR value of the crack in the DAS_VCF images is improved after being weighted with the vector coherence factor compared with the DAS images. What is more, compared with DAS images, the SNR value of crack at the buried depth of 70 mm in DAS_VCF images is improved by 11.67 dB with the focus depth at 60 mm.
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Figure 1. Schematic diagram of phased array sector scan beam−forming process. (a) Beam steering and focusing, (b) signal acquisition, (c) coordinate transformation, and (d) sector scanning imaging display. 
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Figure 2. Schematic diagram of phase angle distribution consistency represented by vector coherence factor. (a) Centralized distribution and (b) random distribution. 
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Figure 3. Flow chart of VCF weighted S−scan post-processing imaging principle. 
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Figure 4. The phased array ultrasonic S−scan signal acquisition system. 
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Figure 5. Linear array ultrasonic transducer. (a) Ultrasonic transducer and (b) array distribution diagram. 
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Figure 6. Helicopter hub damper bolts and artificial grooves. (a) Main parameters of grooves and (b) bolt. 
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Figure 7. Imaging results of groove with depth 0.1 mm and buried depth 70 mm. (a) DAS, (b) VCF, and (c) DAS_VCF with focus depth 30 mm; (d) DAS, (e) VCF, and (f) DAS_VCF with focus depth 40 mm; (g) DAS, (h) VCF, and (i) DAS_VCF with focus depth 50 mm; (j) DAS, (k) VCF, and (l) DAS_VCF with focus depth 60 mm; (m) DAS, (n) VCF, and (o) DAS_VCF with focus depth 70 mm. 






Figure 7. Imaging results of groove with depth 0.1 mm and buried depth 70 mm. (a) DAS, (b) VCF, and (c) DAS_VCF with focus depth 30 mm; (d) DAS, (e) VCF, and (f) DAS_VCF with focus depth 40 mm; (g) DAS, (h) VCF, and (i) DAS_VCF with focus depth 50 mm; (j) DAS, (k) VCF, and (l) DAS_VCF with focus depth 60 mm; (m) DAS, (n) VCF, and (o) DAS_VCF with focus depth 70 mm.
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Figure 8. Imaging results of groove with depth 0.1 mm and buried depth 90 mm. (a) DAS, (b) VCF, and (c) DAS_VCF with focus depth 30 mm; (d) DAS, (e) VCF, and (f) DAS_VCF with focus depth 40 mm; (g) DAS, (h) VCF, and (i) DAS_VCF with focus depth 50 mm; (j) DAS, (k) VCF, and (l) DAS_VCF with focus depth 60 mm; (m) DAS, (n) VCF, and (o) DAS_VCF with focus depth 70 mm. 
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Figure 9. Comparison of SNR curve for defects with a buried depth of 70 mm and 90 mm. 
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Table 1. Parameters of Phased Array.






Table 1. Parameters of Phased Array.





	Parameter
	Value





	Element pitch (mm)
	0.25



	Element width (mm)
	0.2



	Element length (mm)
	10



	Center frequency (MHz)
	15



	Number of elements
	32
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Table 2. Main parameters of bolts.






Table 2. Main parameters of bolts.





	Parameter
	Value





	Nut diameter (mm)
	30



	Nut height (mm)
	14



	Bolt shank diameter (mm)
	18



	Bolt shank length (mm)
	90



	Bolt length (mm)
	120
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Table 3. Main parameters of two artificial grooves.






Table 3. Main parameters of two artificial grooves.





	
Parameters

	
Buried Depth 1

	
Groove Depth

	
Groove Width

	
Groove Length






	
Value (mm)

	
70.00

	
0.10

	
0.10

	
10.00




	
90.00

	
0.10

	
0.10

	
10.00








1 Buried depth refers to the height difference between the artificial groove and the upper-end face of the nut.
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Table 4. SNR of cracks with DAS and DAS_VCF algorithms.






Table 4. SNR of cracks with DAS and DAS_VCF algorithms.





	

	
SNR (dB)

	
Focus Depth




	
Algorithm

	

	
70 mm

	
60 mm

	
50 mm

	
40 mm

	
30 mm






	
DAS

	
12.99

	
13.69

	
11.90

	
11.77

	
11.24




	
DAS_VCF

	
23.76

	
25.36

	
23.16

	
22.58

	
19.03
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