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Abstract 
 
Accurate detection of inhomogeneous materials and some other materials with high 
attenuation is often a challenge for conventional linear phased arrays or planar phased 
arrays due to the complex behavior of bulk wave transmission. Annular phased arrays 
have an advantage over other phased arrays in the detection for high attenuation 
materials for they can generate better penetration depth and lateral resolution with less 
elements and improved lateral resolution compared with a single-element focused 
transducer with the same total aperture and focal length. This article built an acoustic 
radiation model of an annular array with Rayleigh integral to investigate the effect of 
the element numbers, center frequency, focus length and other parameters on the 
radiation filed. Besides, this article put forward a new total focusing method(TFM) 
algorithm applied to annular phased arrays. In this method, the data reconstruction zone 
is the linear region along the axis of the transducer. This zone is meshed, and for each 
point along the line, the focal-laws are calculated for the entire set of elements of the 
phased-array probe. All recorded signals are time-shifted accordingly and can be 
adopted to high attenuation materials by taking into account the anisotropy before 
summation at each point. Experimental results show that total focusing method based on 
ultrasonic annular array improved the recognition ability for small defects in materials 
with high attenuation and has a broad application prospect in large thickness parts. 
 
Key words ： Total focusing method, Annular phased array, High attenuation, 
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1.  Introduction 
 
Ultrasonic phased array testing technology is a kind of multi-channel ultrasonic 
technology, which uses array transducer comprising a set of mutually independent 
piezoelectric array element chip for ultrasonic excitation and reception. It can realize 
deflection focusing of acoustic waves in the designated area of the testing sample by 
means of the phased control so as to achieve higher accuracy and faster speed of 
detection. At present, most of ultrasonic phased array testing equipment in industrial 
field uses 1 dimensional linear array transducer and 2-dimensional matrix array 
transducer. The linear array transducer has advantages such as simple structure, few 
channels for ultrasonic excitation and reception, and easy signal processing [1]. The 
planar array transducer can realize the two-way deflection of ultrasonic beam. However, 
because of its large number of array elements and complex control circuit, the 
application is limited at present [2]. The annular array is a 1.5-dimensional array 
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transducer, which is different from linear array and planar array. The elements of 
annular array are distributed axisymmetrically and high-energy focusing on the central 
axis can be realized with fewer elements. Based on the characteristics of the acoustic 
field of annular array transducer, an axial total focusing algorithm is proposed and the 
experimental system is built, and a comparative verification experiment is carried out 
for 3D printing aluminum alloy sample with larger attenuation in this paper. 
 
2.  Theories and algorithms 
 
2.1 Acoustic field of annular array 
 
The annular array Model 10S16-Φ26-Φ5.2-G63-U-50-2.5-T1 is adopted, as shown in 
Figure 1(a). It is composed of 16 concentric annular array elements.  
 

              
     (a) Transducer parameters                       (b) Sound field calculation model 

Figure 1. Annular array  
 
Based on the Rayleigh integral, each annular array element is distributed into a point 
source [3-4], as shown in Figure 1 (b). The sound pressure of any point in space is 
expressed as the superposition of the sound pressure of each distributed point source. 
Based on Huygens principle, the transient sound pressure of any point in the space 
medium is obtained by solving the wave equation:  
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Considering that 16 array elements in the transducer are excited with different initial 
phases, the total radiation field of the transducer at a certain point in space is as follows:  
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Figure 2 is the maximum sound pressure distribution of 32-element linear array, 64-
element matrix array and 16-element annular array in the single layer medium with a 
focus depth of 50mm and a frequency of 5MHZ. Use -6dB method to select the size of 
the focal spot. By conducting comparative analysis of focal column and focal spot 
respectively for linear array, matrix array and annular array, focal spot of annular array 
is spherical and its focal length and focal spot diameter is shorter respectively than 
linear array and matrix array, thus obtaining higher transverse and longitudinal detection 
resolution.   
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Figure 2. Acoustic field of linear array, matrix array and annular array in single layer medium  

 
2.2Total focusing algorithm based on annular array 
 
Based on the unique radiation acoustic field characteristics of annular array, a total 
focusing method based on the annular array is proposed in this paper. The total focusing 
method is a testing method [5] for the off-line post-processing imaging of the ultrasonic 
data collected by the transducer. The GPU parallel computing technique is adopted to 
accelerate data processing. The method is designed, firstly, to collect and store full 
matrix data for the detected sample. Then make, through the delay and weighted 
synthesis of all matrix data, sound beam to virtually focus on the expected position of 
the detection area, thus achieving higher lateral resolution and more suitability for 
evaluation of small defects. Its core steps are detailed as follows: First of all, divide 
detection imaging area. The detected sample is distributed along the step direction. Then 
each discrete section area is distributed along scanning direction, and the resulting linear 
area is each testing area.  
 
For each testing area, a single element is excited in turn and all the elements receive 
echo signal to collect full matrix data. The resulting full matrix data is a set of three-
dimensional ultrasonic signal data. The three dimensions, transmit array element 
sequence, receive array element sequence and discretize point sequence respectively, as 
shown in Figure 3. After data acquisition is completed, focusing point amplitude is 
obtained by total focusing algorithm for imaging.  
 

1 ...

1 ...

1 ...

1 ...
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Figure 3. Full matrix data acquisition  
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For the test sample with the contact surface as regular plane, the total focusing detection 
is carried out through the wedge coupling, as shown in Figure 4. The center of annular 
array is selected as the original point O of the coordinate system, and the rectangular 
coordinate system Oxz is established.  
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Figure 4. Total focusing imaging algorithm 

 
At any point Q in the linear detection area, according to Fermat's principle, ultrasonic is 
excited by array element i and then is spread to the point Q, and then given sound wave 
transmission path received by array element j, the time required for the transmission:  

1 2
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                                                          (3)                        

In which, c1 is underwater sound velocity and c2 is the sound velocity in the sample. [i, 
j, t] is used to index to signal amplitude S , �  of point Q in full matrix data. We take 
the amplitudes generated by all transmitting/receiving array element combinations at 
this point for superimposition. Amplitude used by point Q for imaging:  
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Robot arm is used to clamp transducer for quick scanning so as to obtain the amplitude 
for each focusing point in detected area, thus achieving defect imaging in the whole 
detected area. 
 
The method has three characteristics: first, the number of annular array elements is less 
and the memory required for all matrix data storage is less; second, it can achieve the 
maximum focusing points when hardware conditions permit; third, different sound 
velocities can be used for calculation in case of indexing amplitude, in order to adapt to 
the detection of anisotropic materials.  
 
3.  Experiments   
 
3.1 Tested sample  
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The tested sample for verification detection is the titanium alloy test block made by 3D 
printing. The particularity of its manufacturing process generates distortion and strong 
attenuation in wave transmission [6]. As shown in Figure 5, the sample is a cube with 
length of 55mm for each side. Three surfaces are respectively embedded with flat 
bottom hole with the depth of 0.5mm and the diameter of 0.8mm. Regarding each 
surface detection, the vertical projection direction includes a flat bottom hole defect and 
two transverse holes defects, which are used to simulate the defects such as blowholes, 
holes and cracks in the sample.  
 

          
               (a) actual sample                           (b) Dimension description of defect 

Figure 5. 3D printed Titanium alloy sample  
 

3.2 Design and validation of detection scheme  
 
Based on the above detection theory, the 3D printed titanium alloy samples are detected 
by linear array and annular array using self-developed array ultrasonic automatic 
scanning and imaging system. The parameters of array transducer are shown in Table 1. 
The excitation / receiving hardware for sound wave detection is based on the OEM 
phased array ultrasonic card of American AOS company, and the imaging software is 
developed by the API interface function provided.  

 
Table 1. Parameters of phased array  

Probe Frequency Element Number Element Width Element Pitch 

Linear Array 10 MHz 64 0.2mm                 0.3mm 

Annular Array 10MHz 16 1.3mm 1.3mm 

 
In order to ensure that there is sufficient beam energy in the sample, in linear array 
testing scheme, the size of transducer aperture for excitation is set as 48, namely, 
electronic scanning method with step spacing of 4.5mm is used, and step resolution 
equal to element pitch, namely 0.3mm; secondly, due to the complex attenuation 
characteristics in each position which is caused by anisotropy in 3D printing titanium 
alloy, it is difficult for detection by using the method of bottom echo imaging. In this 
experiment, focusing algorithm is used to set the focusing depth of the beam in the 
center of the sample, so as to ensure that all depths in the sample have strong defect 
echo signals, and then set the threshold range of the gate close to 55mm so as to image 
the internal defect echo of the whole sample. In order to validate the detection 
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advantages of annular array total focusing method over high attenuation material, in 
annular array testing scheme, annual array transducer with the same frequency as linear 
array transducer is chosen and scanning step is set to equal to array element spacing of 
linear transducer, and the initial range of the gate is set equivalent to linear array 
transducer detection scheme, and surface A of the sample is used as detection surface 
for comparison and analysis of scanning results.  
 
3.3 Result analysis and discussion  
 
The surface-A of specimen, defined in the Figure 5, is used as the acoustic incident 
surface for the C scan experiment. As shown in Figure 6(a), C scan results of the linear 
array transducer using electronic scanning mode can show imaging results of all three 
defects, but it has the low SNR and detection accuracy. At the same time, as the length 
of the linear array arrayed along the array element direction is much bigger than length 
of array element and it is affected greatly by sound transmission anisotropy of 3D 
printing material, the imaging quantitative size of defect is larger than the actual size of 
defect and the shape is distorted. The results of scanning by annular array full focus is 
shown in Figure 6(b) in which defect imaging results of a flat bottom hole and two 
transverse holes can be clearly observed, and the location of defect is accurate and is not 
distorted. The -6dB method is used to characterize the defects for detection results. The 
size errors of the three defects are within 3%.  
 

 
  (a) linear array test result            (b) annular array test result 

Figure 6. Comparison of linear and annular array detection results of surface-A  
 
The above results show that the total focusing method based on annular array can get 
better detection results of 3D printing titanium alloy, and it can visually and accurately 
represent the defects located at different depths of the sample. Also, the element size of 
annular array transducer is larger, the number of array elements is less, computation 
volume required for real-time scanning and detection with total focusing imaging 
algorithm is far less than linear transducer, and the sound beam focusing energy is 
strong and detection precision is high, thus providing an efficient and feasible method 
for nondestructive testing of internally uneven and high attenuation materials such as 
3D printing titanium alloy components.  
 
4.  Conclusions 
 
1. In this paper, based on the wave equation solution, sound field model of annular array 
is built and probed, and the acoustic field characteristics of annular array, linear array 
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and matrix array are compared and analyzed, and we find that annular array can excite 
acoustic field with higher quality even when its element number is less than other array 
transducers.  
 
2. Based on off-line post-processing imaging technology, annular array ultrasonic 
detection method based on total focusing method is proposed, which can realize high 
energy infinite focusing in detection area and greatly improve the spatial detection 
resolution. This method can solve complex material detection problems which can’t be 
solved by conventional ultrasonic testing method and can conduct detection and 
calibration according to internal sound velocity of material. It will have a broad 
application prospect for the detection of the materials with large thickness, high 
attenuation or anisotropy.  
 
3. Annular array can only realize axial focusing and not the sound beam deflection. In 
the future, we can carry out a study on theoretical basis and application of segmented 
annular array, divide annular array element chip into multiple arc element chips, and 
enable transducer not only to achieve axial high-energy focusing, but also to realize 
beam deflection and improve the detection efficiency.  
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