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Abstract


This study aims to address the challenges posed by uneven energy amplitude and a low signal-to-noise ratio (SNR) in the total focus imaging of coarse-crystalline elastic anisotropic materials. A novel method for acoustic field correction vector-coherent total focus imaging, based on the materials’ properties, is proposed. To demonstrate the effectiveness of this method, a test specimen, an austenitic stainless steel nozzle weld, was employed. Seven side-drilled hole defects located at varying positions and depths, each with a diameter of 2 mm, were examined. An ultrasound simulation model was developed based on material backscatter diffraction results, and the scattering attenuation compensation factor was optimized. The acoustic field correction function was derived by combining acoustic field directivity with diffusion attenuation compensation. The phase coherence weighting coefficients were calculated, followed by image reconstruction. The results show that the proposed method significantly improves imaging amplitude uniformity and reduces the structural noise caused by the coarse crystal structure of austenitic stainless steel. Compared to conventional total focus imaging, the detection SNR of the seven defects increased by 2.34 dB to 10.95 dB. Additionally, the defect localization error was reduced from 0.1 mm to 0.05 mm, with a range of 0.70 mm to 0.88 mm.
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1. Introduction


An austenitic stainless nozzle weld is the weld seam of the protruding pipe seat in the nuclear auxiliary system of a nuclear power plant that connects a small branch to the main pipeline [1]. In the event of a leak during operation, the system’s safe and stable functioning is significantly compromised, making the application of appropriate non-destructive testing methods essential for ensuring quality control [2,3,4,5]. The Total Focusing Method (TFM) [6] has proven advantageous in the inspection of nozzle welds [7,8,9,10]. This method calculates the time-delay superposition of ultrasonic signals to achieve virtual focusing at every point in the imaging space. Compared to phased array scanning imaging, TFM offers enhanced spatial uniformity and a broader single-scan coverage area, earning its reputation as the “gold standard” in phased array ultrasonic testing.



TFM assumes that the amplitude weights of each imaging point remain constant during the time-delay stacking process. In isotropic homogeneous materials, the directionality of the acoustic field and the diffusion of ultrasound waves can lead to uneven energy distribution across different locations, causing image distortion, artifacts, and reduced detection accuracy [11]. Current research on optimizing amplitude stacking weights for homogeneous materials primarily focuses on three approaches: First, simulation or experimental methods are employed to optimize detection parameters and reduce amplitude non-uniformity within the imaging space [12,13]. Second, combining sound field analysis with distance amplitude correction methods [14], distance gain size curves [15], and other quantitative assessment techniques is essential. Third, establishing a sound field correction function based on sound field directionality is necessary to compensate for energy variations in the imaging region, offering good adaptability and strong interpretability [16]. Among these factors, the selection of the acoustic field directivity function and compensation factors is the key determinant of the compensation’s effectiveness. Zhou et al. [17] developed a diffusion attenuation model for a two-layer medium based on the acoustic field directivity function. They calculated the ultrasonic energy attenuation coefficient and successfully detected a 1.5 mm diameter transverse through-hole in a B-type phased array standard test block at depths of 10 mm and 12 mm, which would have been undetectable without calibration, but were identified using this method. Zhu et al. [18] analyzed the phased array ultrasonic testing of rails and introduced acoustic path compensation, integrating it with sparse array TFM. In scenarios with a sparsity rate of less than 75%, the imaging signal-to-noise ratio (SNR) closely matched that of a full-array TFM image. The optimization of amplitude superposition weights in austenitic stainless steel welds, which are coarse-grained and exhibit elastic anisotropy, is complicated by several factors that reduce the quality of TFM correction imaging. Firstly, the coarse-grained structure of the weld causes ultrasonic wave scattering attenuation. Conventional acoustic field correction functions fail to effectively compensate for energy non-uniformity, making it challenging to accurately measure scattering attenuation. Secondly, the weld’s elastic anisotropy introduces structural noise into the image background, which negatively impacts the SNR and defect localization accuracy [19,20,21,22,23]. Acoustic field correction methods cannot distinguish between defects and structural noise, leading to indiscriminate compensation of energy amplitude across the imaging region, which ultimately reduces SNR in certain areas. Phase-coherent imaging (PCI), by considering the phase information of ultrasonic signals, adapts to identify both defects and background noise, thereby improving SNR [24,25]. Among these methods, vector-coherent imaging has demonstrated superior imaging efficiency, avoiding local image distortion—a limitation of signal-coherent imaging. This characteristic provides vector-coherent imaging with a distinct advantage in terms of noise reduction for TFM imaging [26,27].



This study investigates an austenitic stainless steel weld test block. Based on the crystal orientation and microstructure characterization results retrieved by Electron Backscatter Diffraction (EBSD) technology, the attenuation of ultrasonic waves in different regions is analyzed, and the scattering attenuation compensation factors in the base metal and weld regions are optimized. It also establishes an acoustic field correction function based on material properties, integrates phase information, and extracts phase coherence from the ultrasonic signals. Calculating the phase coherence weighting coefficients is essential for effective energy compensation and defect reconstruction imaging. This process enhances spatial averaging, suppresses background noise, and enables material property-based acoustic field correction vector-coherent full-field imaging. The effectiveness of this approach is validated through empirical evidence from experimental studies.




2. Principle


2.1. TFM Imaging


TFM relies on Full Matrix Capture (FMC) data, where each array element is sequentially excited to emit ultrasound pulses, and the echo signals are received through all array elements. The principle is illustrated in Figure 1. In the imaging region, pixel sizes are defined, the grid is segmented, and a Cartesian coordinate system is established, with the x-axis parallel to the array arrangement direction and the z-axis perpendicular to the surface of the sample under test. Assuming there are Ne array elements, for any focal point P (xp, zp) within the imaging region, the delay rule is determined based on the acoustic path length from each array element to the focal point P, and the forward signal amplitude is processed by summation. The total response amplitude of all signals passing through point P is calculated as follows:


   I  TFM      x p  ,  z p    =   H     ∑  i = 1    N e       ∑  j = 1    N e      S  i j          t  i j      x p  ,  z p           



(1)




where H denotes the Hilbert transform, Sij (t) represents the amplitude information at the focal point P in the ultrasonic echo signal emitted by element i and received by element j, and tij (xp, zp) denotes the time taken for the ultrasonic wave to travel through point P:


   t  i j      x p  ,  z p    =           x i  −  x p     2  +  z p 2    +        x j  −  x p     2  +  z p 2       c L      



(2)




where cL is the longitudinal wave velocity of the test block.



Conversely, by acquiring the total response amplitude at different focal points, the TFM image of the corresponding region can be reconstructed.




2.2. Sound Field Correction and Compensation


Austenitic stainless steel welds are imaged using the TFM imaging technique that employs time-delay superposition to achieve virtual focusing at each pixel within the imaging space. However, three issues arise during the time-delay superposition process, which negatively impact the quality of the TFM image. First, the directionality of the acoustic field leads to inconsistent acoustic energy at different angles, resulting in a lack of uniformity in the TFM image. Second, variations in the acoustic path length cause differences in the diffusion attenuation of ultrasonic waves, leading to inconsistent amplitude energy at different imaging positions. Third, the coarse grain structure and anisotropy of the austenitic stainless steel weld cause varying scattering attenuation of ultrasonic signals in different regions, resulting in uneven image amplitude. Therefore, it is essential to separately compensate and correct each of these three factors to minimize the interference caused by image non-uniformity.



2.2.1. Sound Field Directivity Function and Diffusion Attenuation Compensation


In two-dimensional or three-dimensional space, the sound field directivity function describes the relationship between the sound field energy of each array element and the propagation direction of the ultrasound beam. By calculating the distribution of sound field energy within the TFM imaging space, compensation and correction can be applied to reduce interference caused by the non-uniformity of the imaging amplitude distribution.



The configuration of the phased array elements is illustrated in Figure 2. The length of a single element is denoted by l, the width by w, the center-to-center distance between two adjacent elements by d, and the distance from a point P in the far field to the center of the element by riP. In the context of two-dimensional imaging, the acoustic field directivity function can be expressed as follows [18]:


   D i     θ 1    = sin      π d sin  θ 1   λ      



(3)




where θ1 represents the angles between the projections of r onto the xoz planes, respectively, and the z-axis. The wavelength of the ultrasonic wave, denoted as λ, is a crucial variable in this equation.



To understand the characteristics of array element transmission and reception in FMC, it is essential to consider both the transmission and reception sound fields when implementing sound field directivity compensation. Specifically, when an array element transmits to point P in the far field and is received by an array element designated as “j,” the directivity compensation factor of the sound field can be expressed as follows:


   D  i j      x P  ,  z P    =  D  i j      θ 1    = sin      π d sin  θ  i 1    λ     ⋅ sin      π d sin  θ  j 1    λ     .  



(4)







Furthermore, due to the varying diffusion attenuation caused by different sound paths of ultrasonic waves, a diffusion attenuation compensation factor is introduced. According to Green’s function, in two-dimensional space, the diffusion attenuation at point r, away from the point source, is equal to       1  4 π r       . When element i transmits to point P in the far field and is received by element j, the diffusion attenuation compensation factor Cij can be approximated as follows:


   C  i j      x P  ,  z P    =   1     r  i P    r  j P        .  



(5)








2.2.2. Scattering Attenuation Compensation


Austenitic stainless steel welds exhibit a coarse grain structure, resulting in significant attenuation of ultrasonic signals due to strong scattering. The measured attenuation coefficient typically consists of two components: the absorption attenuation coefficient, denoted as αa, and the scattering attenuation coefficient, denoted as αs. Therefore, the attenuation coefficient can be expressed as follows:


  α =  α a  +  α s  .  



(6)







In solid media, the absorption attenuation of ultrasonic waves is relatively negligible compared to the scattering attenuation. Therefore, the measurement formula for the scattering attenuation coefficient αs can be expressed as follows:


   α s  ≈ α =    20 lg    A m  /  A n    − δ   2   n − m   T     



(7)




where α represents the attenuation coefficient of the material. The variables Am and An denote the amplitudes of the mth and nth bottom surface echoes, respectively. δ represents the bottom surface reflection loss, which is typically assumed to be 0.5 dB. The variable T corresponds to the thickness of the test block.



The scattering attenuation compensation factor is denoted as Bij, which can be expressed as follows:


   B  i j      x P  ,  z P    = 1 +   10         α r     r  i P   +  r  j P       20         



(8)




where αr represents the relative scattering attenuation coefficient of the weld, which needs to be determined through microscopic analysis. Its expression is as follows:


   α r  =  α  s − w e l d   −  α  s − b a s e    



(9)




where αs-weld denotes the scattering attenuation coefficient of the weld, while αs-base represents the scattering attenuation coefficient of the base material.



Sound field correction in TFM imaging (C-TFM) integrates the three aforementioned compensation factors to reconstruct the image, which can be expressed as follows:


   I   C - TFM       x p  ,  z p    =   H     ∑  i = 1    N e       ∑  j = 1    N e      D  i j   ⋅  C  i j   ⋅  B  i j   ⋅  S  i j          t  i j      x p  ,  z p          .  



(10)









2.3. Vector-Coherent Imaging


Acoustic field compensation correction enhances the amplitude uniformity of TFM images, yet it can scarcely differentiate between defects and structural noise. Phase coherence imaging evaluates the phase dispersion of full matrix data. By combining the phase coherence factor with C-TFM, while incorporating phase information from the signal, noise caused by phase scattering is reduced, all while preserving amplitude uniformity. Therefore, the image SNR is improved. The Vector Coherence Factor (VCF) defines a set of unit vectors on the complex plane using the instantaneous phase. The magnitude of the vector sum quantifies phase consistency. If all phases are identical, i.e., if the signal phases are perfectly coherent, the magnitude of the vector sum approaches 1. Conversely, if the phases are uniformly distributed along the unit circle, the magnitude tends toward 0. A brief overview of the VCF calculation process is provided below [28].



First, define the complex analysis of the delayed signal, which is given by the following:


   S  i j     x , z   =  S   e  i  ϕ  i j     .  



(11)







Considering the in-phase and quadrature components of the instantaneous phase of the signal, the VCF at a given imaging point (x, z) in the imaging space can be defined as follows:


  VCF   x , z   =           ∑  i = 1    N e       ∑  j = 1    N e       Re    S  i j     x , z          S  i j     x , z              2  +       ∑  i = 1    N e       ∑  j = 1    N e       Im    S  i j     x , z          S  i j     x , z              2      0.5    



(12)




where Re represents the real part, Im denotes the imaginary part, and Ne refers to the number of elements.



Using the VCF as a weighting coefficient, multiply it by the amplitude of the C-TFM image to reconstruct the acoustic field-corrected, vector-coherent TFM image, denoted as C-VCF-TFM:


   I   C - VCF  − TFM     x , z   = VCF   x , z   ×  I   C - TFM      x , z   .  



(13)









3. Result Analysis and Discussion


3.1. Test Blocks


Taking the weld seam of the SKETCH14 specification, a typical coarse-grained elastic anisotropic material, as an example, the main pipe has a wall thickness of 17 mm and an outer diameter of 166.5 mm, while the branch pipe has a wall thickness of 33.5 mm and an outer diameter of 84 mm. A belly test block is obtained by cutting perpendicular to the axis of the main pipe, and a shoulder test block is cut parallel to the axis of the main pipe. Seven Φ 2 side-drilled holes (SDH) are introduced at varying positions and depths within the weld seam areas of the belly and shoulder test blocks. Photographs of the test blocks and defect parameters are shown in Figure 3, where the positions of the upper and lower fusion lines are indicated by white dashed lines. The defect depth information is provided in Table 1.



The material properties of the weld and the base metal area of the test blocks are shown in Table 2, including the Young’s modulus, Poisson’s ratio, density, longitudinal wave sound velocity, and attenuation coefficient. The distribution curve of the phase/group velocity of ultrasonic waves varying with the propagation direction in the weld material is shown in Figure 4. It can be observed that there is obvious anisotropy in the weld, which affects the propagation speed of ultrasonic waves inside it. The instrument used in the phased array ultrasound experiment is a 128-channel ultrasound board, equipped with a 32-element phased array probe that has a center frequency of 5 MHz and an element center distance of 0.5 mm. The detection method employed is the contact method, and full matrix data for the seven defects were collected separately.




3.2. Simulation Analysis


The nozzle weld seam of austenitic stainless steel exhibits a coarse grain structure and strong anisotropy. Structural variations in different regions lead to varying degrees of impact on ultrasonic refraction, scattering, and other phenomena, resulting in non-uniformity in TFM imaging and a reduction in image quality. This study employs EBSD analysis and modeling simulations to examine the effects of the base metal, heat-affected zone, and weld area on ultrasonic signal scattering, and to optimize the selection of scattering attenuation compensation factors for different regions.



Along the detection imaging cross-section, samples with dimensions of 16 × 12 × 8 mm were extracted from the weld zones of the belly and shoulder test blocks. Using the EBSD probe of a high-resolution field emission scanning electron microscope, multiple diffraction patterns in the weld and base metal regions were captured. A map (with a size of 5 × 4 mm) formed by stitching together six typical regions selected from each block is shown in Figure 5. From the figure, it can be observed that clear boundaries exist between the weld seam, heat-affected zone, and base metal area. The base metal region consists of uniformly equiaxed fine grains, with an average equivalent circle diameter of 38.92 μm. The heat-affected zone contains elongated columnar crystals aligned with the cooling direction of the weld seam, with grain lengths ranging from 89.44 to 1128.55 μm and widths ranging from 90.24 to 145.78 μm. The weld area is characterized by coarse grains with noticeable directional alignment, and the maximum equivalent circle diameter of the grains can reach 1545.62 μm.



The grain orientations of the weld seam and base metal area were extracted, and the distributions of their Euler angles are shown in Figure 6. From the figure, it can be observed that the Euler angle distributions ϕ1 and ϕ2 of the base material are relatively uniform, with a peak in Φ, primarily due to the orientation induced by pipeline rolling. The three Euler angles of the belly and shoulder welds exhibit one or more peaks. In addition to the rolling direction, a preferred orientation of grain growth is also observed due to welding cooling, resulting in significant anisotropy.



The cubic elastic constants in the weld sample coordinate system are C11 = 241 GPa, C12 = 138 GPa, and C44 = 112 GPa, respectively. Based on the grain distribution results in different regions of the EBSD map, the elastic constants of different orientation regions are obtained by the Euler angle method. An ultrasonic simulation model of austenitic stainless steel welds was established by using the finite difference method [29]. The two sides were set as absorption boundaries and the bottom surface as a rigid boundary. To analyze the scattering effects of ultrasound signals in various regions, separate models for the weld seam and base metal, each with a thickness of 10 mm, were constructed (Figure 7). An ultrasound probe with a center frequency of 5 MHz was employed to acquire ultrasound signals, and the attenuation of ultrasound waves with propagation distance in both the weld seam and base metal regions was analyzed.



The primary and secondary bottom echo signals of the base metal and weld areas are shown in Figure 8. It can be observed that the two bottom echoes in the base material are significantly higher than those in the weld area, and the amplitude of the second bottom echo decreases less than that of the first bottom echo. Compared to the base material, there is noticeable noise in the ultrasonic signals collected from the weld area between the first and second bottom echoes. This is primarily due to the small grain size and uniform orientation distribution in the base material, which results in a weak scattering effect of ultrasonic waves by the grains, and the influence of propagation distance on energy attenuation is relatively small. In contrast, the weld area exhibits a coarse grain structure, which has a strong scattering effect on ultrasonic waves, leading to significant scattering attenuation. Consequently, this results in strong noise and weak bottom echoes in the signal. The range of scattering attenuation coefficients for the base metal and weld areas is 0.17–0.26 dB/mm and 0.33–0.45 dB/mm, respectively. Therefore, the relative scattering attenuation coefficient αr is 0.16–0.28 dB/mm. Taking into account the compensation effect, an average value of 0.22 dB/mm is used as the relative scattering attenuation coefficient.



To compare the imaging effects of different sound field compensation methods before and after correction, six 2 mm diameter SDHs with varying depths were processed in the nozzle weld belly and shoulder ultrasound simulation model, as shown in Figure 9. The defect depth range was set from 10 mm to 35 mm, and the horizontal distance between adjacent defects was 5 mm. This setup was designed to evaluate the compensation effects of different sound field compensation methods in both the horizontal and vertical directions.



A linear array probe with a center frequency of 5 MHz and 32 elements was used to perform TFM imaging on the belly and shoulder defects, as well as acoustic field-corrected vector-coherent TFM imaging using different correction functions. The results are shown in Figure 10 and Figure 11. TFM (Figure 10 and Figure 11a) can identify SDH defects at depths ranging from 10 mm to 25 mm, while defects at depths of 30 mm and above are difficult to detect. The imaging effect of applying only the directional function of the sound field (Figure 10 and Figure 11b) shows minimal improvement, with the amplitude of the SDH defect at a depth of 25 mm slightly increasing. After incorporating diffusion attenuation into the sound field correction function, the deepest SDH defect, measuring 30 mm, can be identified in the image (Figure 10 and Figure 11c), but at this point, significant background noise is introduced, affecting image quality. The C-VCF-TFM image provides imaging of all six SDH defects (Figure 10 and Figure 11d), with enhanced defect amplitudes at depths ranging from 20 mm to 30 mm and no divergence. The comparison results of defect amplitudes using different imaging methods are shown in Figure 12. As can be observed from the figure, the defect amplitudes in C-VCF-TFM have been improved to varying extents, and there is no significant artifact interference around the defect amplitudes, which enhances the defect detection capability. Based on the comprehensive imaging results, it can be concluded that, compared to TFM imaging and the other two types of acoustic field correction imaging, the defect SNR of C-VCF-TFM imaging has increased by 0.54 dB to 6.67 dB, effectively suppressing the attenuation caused by coarse grains and the non-uniformity of acoustic field distribution, thereby expanding the effective detection range of weld TFM imaging.




3.3. Experimental Result


The TFM imaging and C-VCF-TFM imaging results for some typical defects in the welds, respectively labeled as 1#–7#, are shown in Figure 13. From the figure, it can be observed that the background noise in the TFM image is relatively high, with artifacts generated in the near-surface area due to the proximity of the ultrasonic excitation position of the array element. Significant shadowing is observed in the defects, accompanied by strong structural noise in the vicinity, which affects the quality of the TFM image. In contrast, the background noise in the C-VCF-TFM image is suppressed, the defect shadowing is reduced, and the amplitude of near-surface artifacts is diminished.



The testing SNRs and defect depth localization errors of TFM imaging and C-VCF-TFM imaging were compared. To this end, the SNR was calculated by Equation (14) [30]:


  SNR = 20  lg        I  signal      I  noise         



(14)




where Isignal and Inoise are, respectively, the amplitude of the defect image and the average amplitude of the nearby noise artifact.



The calculation method for the defect depth location error is as follows:


   e d  = |  Z 1  −  Z 2  |  



(15)




where Z1 represents the depth at which the maximum-size pixel P1 (x,z) of the defect image is located, and Z2 is the actual depth designed for the defect. The results are presented in Figure 14. Compared to TFM imaging, the SNR of C-VCF-TFM imaging increased by 2.34–10.95 dB, while the positioning error decreased from 0.1 mm–0.88 mm to 0.05 mm–0.70 mm. The acoustic field uniformity of the TFM images is inadequate. Near the surface, due to the proximity of the phased array ultrasonic probe emitting ultrasonic waves, the amplitude of the acoustic field is strong. As the depth and propagation distance increase, the ultrasonic waves undergo diffusion attenuation, scattering, refraction, and other effects, leading to a gradual decrease in energy. Consequently, the energy distribution within the imaging space becomes uneven. However, TFM imaging assumes uniform energy distribution at every point in the space, resulting in the formation of artifacts due to uneven energy amplitude, such as artifacts caused by the superposition of array element emissions near the surface. In the weld of austenitic stainless steel, the coarse grain structure causes more severe scattering and refraction of ultrasonic waves. In ultrasonic images, this results in weak reflectivity, further elevating the background noise level. In TFM imaging, this manifests as a false image, and it is challenging to effectively suppress the noise caused by the coarse grain structure using acoustic field correction methods alone. C-VCF-TFM imaging compensates for both the diffusion and scattering attenuation of ultrasonic waves. Based on the directional function of the acoustic field, the energy distribution within the imaging space is adjusted. By utilizing phase information, defects and structural noise are distinguished based on the phase coherence of each point in the imaging space. The energy amplitude of non-scattering regions is adaptively suppressed. With the additional acoustic field correction compensation, the level of structural noise is further reduced, significantly improving the imaging SNR, mitigating the impact of acoustic field non-uniformity on image quality, reducing artifacts near defects, and enhancing detection accuracy.





4. Conclusions


	
This article proposes a sound field correction vector-coherent total focusing imaging method that incorporates material properties. Based on the scattering variations caused by differences in the microstructure of the austenitic stainless steel weld base material and weld zone, the scattering attenuation compensation factor Bij is optimized and selected to construct a sound field correction function, reducing the impact of sound field non-uniformity on image quality. By utilizing phase information, the phase coherence of each point in the imaging space is evaluated to further suppress structural noise. This method improves the signal-to-noise ratio, suppresses artifacts, and corrects defect imaging positions, thereby achieving high-precision detection.



	
Ultrasonic experiments were conducted on seven transverse through-hole defects at various positions on the weld belly and shoulder test blocks. The results indicate that, compared to fully focused imaging, the detection signal-to-noise ratio improvement range for the acoustic field correction vector-coherent fully focused imaging method is 2.34 dB to 10.95 dB, while the positioning error decreases from 0.1–0.88 mm to 0.05–0.70 mm.










Author Contributions


Conceptualization, T.Z. and G.P.; methodology, T.Z. and J.W.; software, Z.L.; validation, T.Z., Z.L. and D.Z.; formal analysis, T.Z. and J.W.; investigation, T.Z.; resources, D.Z. and G.P.; data curation, Z.L.; writing—original draft preparation, T.Z. and Z.L.; writing—review and editing, G.P.; visualization, Z.L.; supervision, G.P.; project administration, D.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data are contained within the article.




Conflicts of Interest


Author Tianwei Zhao, Donghui Zhang and Junlong Wang were employed by the China Nuclear Industry 23 Construction Co. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	TFM
	Total Focusing Method



	SNR
	Signal-to-noise ratio



	VCF
	Vector Coherence Factor



	SDH
	Side-drilled hole









References


	



Zhang, S.P.; Liu, Z.S.; Wu, G.F.; Liu, S.Y.; Zhen, H.D.; Liu, C.B. Research on Optimization of Disposal Scheme of Defective Welds in BOSS Head of a Nuclear Piping. Press. Vessel. 2019, 36, 56–61. [Google Scholar] [CrossRef]

	



Sun, L.H.; Chen, H.; Wang, D.C.; Wei, S.M.; Liu, Q.; Su, H.M. Research of BOSS Weld Seam X-Ray Digital Imaging in Nuclear Station. Nondestruct. Test. Technol. 2022, 46, 18–21. [Google Scholar]

	



Sun, B.; Yan, C.; Meng, S.; Cheng, H.X.; Miao, C.Y.; Yuan, Y. Radiographic Testing of BOSS Welding Seam of Condenser Tank for Nuclear Power Plant. Nondestruct. Test. 2021, 43, 73–76. [Google Scholar]

	



Jin, X.Y.; Xu, X.T.; Du, W.H. Treatment of Weld Defects in Special BOSS Structure in Nuclear Power Plants. Weld. Technol. 2019, 48, 82–85. [Google Scholar]

	



Wu, W.B.; Xu, J.C.H. Nondestructive Testing Requirements of BOSS Weld in Nuclear Power Plant. Nondestruct. Test. 2018, 40, 51–55. [Google Scholar]

	



Holmes, C.; Drinkwater, B.W.; Wilcox, P.D. Post-processing of the Full Matrix of Ultrasonic Transmit–receive Array Data for non-destructive Evaluation. NDT E Int. 2005, 38, 701–711. [Google Scholar] [CrossRef]

	



Liao, J.Y.; Su, J.K.; Li, X.; Zhang, X.F.; Jin, S.J.; Yang, H.M.; Lin, L. Defect Detection of BOSS Welds in Nuclear Power Plant by Ultrasonic Total Focusing Method. Nondestruct. Test. Technol. 2023, 47, 1–4. [Google Scholar]

	



Teng, D.; Liu, L.S.; Xiang, Y.X.; Xuan, F.Z. An optimized total focusing method based on delay-multiply-and-sum for nondestructive testing. Ultrasonics 2023, 128, 106881. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.B.; Fan, Z.C.; Chen, X.D.; Cheng, J.W.; Chen, W.; Wang, Z.; Bu, Y.G. Automated Classification of Pipeline Defects from Ultrasonic Phased Array Total Focusing Method Imaging. Energies 2022, 15, 8272. [Google Scholar] [CrossRef]

	



Day, J.D.; He, J.Z.; Shragge, J.; Sava, P.; Lanigan, E.L.; Dao, G.; Su, W.H. Defect imaging via adjoint-state-based Reverse-time Migration. NDT E Int. 2025, 155, 103425. [Google Scholar] [CrossRef]

	



Wang, G.Q.; Yang, L.J.; Geng, H.; Chang, X.; Wang, S.X. Research on Deflection and Focusing Technology of Pipeline Annular Ultrasonic Phased Array. Measurement 2023, 223, 113573. [Google Scholar] [CrossRef]

	



Du, D.; Wang, G.Q.; Mao, L.W. Analysis of Acoustic Field Characteristics to Detect Internal Pipeline Corrosion Based on Ultrasonic Full-focus. Meas. Sci. Technol. 2021, 33, 15007. [Google Scholar] [CrossRef]

	



Jin, H.R. Research on Theory and Technology of Online Phased Array Ultrasonic Imaging for Cylindrical Components. Ph.D. Thesis, Zhejiang University, Hangzhou, China, 2017. [Google Scholar]

	



Li, T.J.; Shi, Y.S.; Chen, F.; Hu, H.W.; Li, X.B. Quantitative Method of Rail Flaws Based on Ultrasonic Phased Array and Total Focusing DAC Mappings. J. Mech. Eng. 2021, 57, 32–41. [Google Scholar]

	



Ono, K.J.; Su, H. Critical Examination of Distance-Gain-Size (DGS) Diagrams of Ultrasonic NDE with Sound Field Calculations. Sensors 2023, 23, 7004. [Google Scholar] [CrossRef] [PubMed]

	



Bazulin, E.G. The use of the inverse C-SAFT method for equalizing the spatial sensitivity of reflector images. Russ. J. Nondestruct. 2015, 51, 108–119. [Google Scholar] [CrossRef]

	



Zhou, Z.G.; Peng, D.; Li, Y.; Hu, H.W. Research on Phased Array Ultrasonic Total Focusing Method and its Calibration. J. Mech. Eng. 2015, 51, 1–7. [Google Scholar] [CrossRef]

	



Zhu, W.F.; Xiang, Y.X.; Zhang, H.Y.; Chen, Y.; Fan, G.P.; Zhang, H. Research on Ultrasonic Sparse DC-TFM Imaging Method of Rail Defects. Measurement 2022, 200, 111690. [Google Scholar] [CrossRef]

	



Ponseenivasan, S.; Kumar, A.; Rajkumar, K.V. Anisotropy Corrected FMC/TFM Based Phased Array Ultrasonic Imaging in an Austenitic Buttering Layer. Appl. Sci. 2023, 13, 5195. [Google Scholar] [CrossRef]

	



Lopez Villaverde, E.; Robert, S.; Prada, C. Ultrasonic imaging of defects in coarse-grained steels with the decomposition of the time reversal operator. J. Acoust. Soc. Am. 2016, 140, 541–550. [Google Scholar] [CrossRef] [PubMed]

	



Van Pamel, A.; Brett, C.R.; Lowe, M.J. A methodology for evaluating the detection performance of ultrasonic array imaging algorithms for coarse-grained materials. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2014, 61, 2042–2053. [Google Scholar] [CrossRef] [PubMed]

	



Menard, C.; Robert, S.; Miorelli, R.; Lesselier, D. Optimization algorithms for ultrasonic array imaging in homogeneous anisotropic steel components with unknown properties. NDT E Int. 2020, 116, 102327. [Google Scholar] [CrossRef]

	



Ye, T.; Zhang, J.; Du, Y.; Xu, J.F.; Bai, L. A receiver-optimized total focusing method for detectability enhancement of small defects in coarse grained materials. NDT E Int. 2023, 140, 102943. [Google Scholar] [CrossRef]

	



Camacho, J.; Fritsch, C. Phase Coherence Imaging of Grained Materials. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2011, 58, 1006–1015. [Google Scholar] [CrossRef] [PubMed]

	



Bazulin, E.G. Using coherence factor to improve the quality of reflector images in ultrasonic testing. Russ. J. Nondestruct. 2017, 53, 401–414. [Google Scholar] [CrossRef]

	



Guan, S.Y.; Wang, X.K.; Hua, L.; Li, Y.X. TFM Imaging of Aeroengine Casing Ring Forgings with Curved Surfaces Using Acoustic Field Threshold Segmentation and Vector Coherence Factor. Chin. J. Aeronaut. 2022, 35, 401–415. [Google Scholar] [CrossRef]

	



Huang, J.X.; Chen, M.; Kong, Q.R.; Xiao, L.Z.; Lu, C.; Chen, Y. Phased Array Ultrasonic Sector Scan Imaging of Helicopter Damper Bolts Based on Vector Coherence Factor. Appl. Sci. 2022, 12, 9936. [Google Scholar] [CrossRef]

	



Gauthier, B.; Painchaud-April, G.; Le Duff, A.; Belanger, P. Lightweight and Amplitude-Free Ultrasonic Imaging Using Single-Bit Digitization and Instantaneous Phase Coherence. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2022, 69, 1763–1774. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Luo, Z.B.; Zhou, Q.; Zou, L.J.; Lin, L. Modeling of Ultrasonic Propagation in Heavy-walled Centrifugally Cast Austenitic Stainless Steel Based on EBSD Analysis. Ultrasonics 2015, 59, 31–39. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Drinkwater, B.D.; Wilcox, P.D.; Hunter, A.J. Defect detection using ultrasonic arrays: The multi-mode total focusing method. NDT E Int. 2010, 43, 123–133. [Google Scholar] [CrossRef]








[image: Sensors 25 04550 g001] 





Figure 1. Schematic diagram illustrating principle of TFM imaging. 
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Figure 2. Array element structure and associated parameters: (a) deflection angle; (b) array element size parameters. 
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Figure 3. Nozzle weld test blocks with SDH defects. 
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Figure 4. Distribution curve of ultrasonic phase/group velocity varying with propagation direction in weld material. 
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Figure 5. EBSD map of weld seams of austenitic stainless steel: (a) belly; (b) shoulder. 
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Figure 6. Comparison of Euler angle distributions of grains in weld seam and base metal area: (a) ϕ1; (b) Φ; (c) ϕ2. 
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Figure 7. Attenuation measurement simulation model setup: (a) weld seam; (b) base material. 






Figure 7. Attenuation measurement simulation model setup: (a) weld seam; (b) base material.



[image: Sensors 25 04550 g007]







[image: Sensors 25 04550 g008] 





Figure 8. Amplitude attenuation of ultrasonic testing in different regions. 
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Figure 9. Defect setup for imaging comparison model: (a) belly; (b) shoulder. 
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Figure 10. Comparison of weld belly simulation imaging: (a) TFM; (b) introduction of directional function correction for sound field; (c) incorporation of diffusion attenuation; (d) C-VCF-TFM. 
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Figure 11. Comparison of weld shoulder simulation imaging: (a) TFM; (b) introduction of directional function correction for sound field; (c) incorporation of diffusion attenuation; (d) C-VCF-TFM. 
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Figure 12. Comparison of defect amplitude between different imaging methods: (a) belly; (b) shoulder. 
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Figure 13. Imaging comparison of typical defects in weld seams. 
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Figure 14. Comparison of imaging performance of weld seam test blocks in austenitic stainless steel: (a) SNR; (b) depth positioning error. 
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Table 1. Nozzle weld defect depth configuration.
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	No.
	1
	2
	3
	4
	5
	6
	7





	Defect depth (mm)
	14.4
	22.6
	26.0
	12.5
	24.5
	15.5
	20.5










 





Table 2. Material properties of austenitic stainless steel welds.
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Base Material

	
Weld Seam






	
Young’s Modulus (GPa)

	
194

	
190




	
Poisson’s ratio

	
0.285~0.291




	
Density (g/cm3)

	
7.93




	
Longitudinal wave velocity (m/s)

	
5769.2~5836.3

	
5826.5~5860.3




	
Attenuation coefficient (dB/mm)

	
0.11~0.12

	
0.20~0.21
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