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The ultrasonic annular array transducer usually has a stronger focusing acoustic field than the linear array and matrix transducer
with the same number of array elements, and is more suitable for the detection of large thickness and high attenuation components.
However, due to the special arrangement of array elements, the focusing beam cannot be deflected and has a large near field, which
limits its application in practical detection. The element parameters of annular array transducer are often designed and analyzed
according to the 2-D acoustic field model of a linear array transducer. Therefore, the 3-D acoustic field distribution model of the
annular array transducer is established, and the influence of the element parameters on its spatial acoustic field focusing
characteristics is analyzed. The design criteria of the array element division mode and element size are proposed, which can
avoid the generation of high-energy side lobe and grating lobe, and have good axial acoustic field. Then, the influence of
excitation aperture on the energy and size of focal spot at different depths is discussed. The dynamic focusing method with
variable aperture of annular array is established, and the C-scan detection experiment is carried out on the addictive
manufacturing titanium alloy specimen. The detection results show that the variable aperture method has better central
amplitude consistency and imaging accuracy for different depth defects, and has better near surface detection ability than the

fixed aperture method.

1. Introduction

Ultrasonic array technology is a kind of multichannel ultra-
sonic testing technology which arranges several piezoelectric
wafers into an array according to a certain combination
mode. By controlling the excitation sequence and delay time
of piezoelectric wafers, the deflection and focusing of syn-
thetic acoustic beam can be realized. At present, ultrasonic
array transducers commonly used in industry can be divided
into 1-D linear array, 1.5-D annular array, 2-D matrix array,
etc. according to the element arrangement mode [1]. At pres-
ent, ultrasonic the linear array transducer and ultrasonic
matrix transducer are the most widely used in theoretical
research and industrial application. The ultrasonic matrix
array transducer can realize 3-D imaging [2], but the acoustic
beam control algorithm is complex, and the manufacturing
process and equipment hardware costs are high [3-5]. The

ultrasonic linear array transducer is easier to manufacture,
and its transmitting and receiving delay control method is
relatively simple, which is mostly used in practical applica-
tions. However, the C-scan detection results of ultrasonic lin-
ear array transducer are affected by its focal spot asymmetry,
and the shape quantitative error of defects in ultrasonic linear
array C-scan results is large [6]. The single element size of
ultrasonic annular array transducer is larger, and it can
achieve stronger focusing energy than ultrasonic linear array
transducer with fewer array elements [7]. Meanwhile, its
focal spot is completely symmetrical along the radial direc-
tion. It is an effective method to solve the problem of low
signal-to-noise ratio (SNR) and large defect distortion in C-
scan testing results of large thickness and high attenuation
materials. However, due to the fact that the acoustic beam
of ultrasonic annular array can only focus along the central
axis, the beam cannot be deflected and the near field is large,
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Ficure 1: Calculation diagram of acoustic field of annular
transducer.

so there is little research and application in the industrial
field, and the design and verification method of the parame-
ters and focusing algorithm of the ultrasonic annular array
transducer are insufficient.

Firstly, based on the 3-D acoustic field calculation theory,
the influence of the parameters of the ultrasonic annular
array transducer on the focusing acoustic field characteristics
is analyzed, and the design criteria of the detection parame-
ters suitable for the annular array transducer are proposed.
Then, the influence of focusing depth and excitation aperture
size on the focal spot size and acoustic energy of annular
array transducer is analyzed, and a variable aperture dynamic
focusing method of annular array is established. The C-scan
experimental results of additive titanium alloy show that the
variable aperture dynamic focusing method can improve the
detection ability and sensitivity of different depth defects. It
provides theoretical guidance for the application of ultra-
sonic annular array transducer in the detection of large thick-
ness and high attenuation components.

2. Influence of Transducer Parameters on
Acoustic Field

2.1. Focusing Acoustic Field of Annular Array. Different from
the acoustic field calculation of ultrasonic linear array trans-
ducer, only calculating the 2-D cross-sectional acoustic field
along the array direction cannot accurately reflect the real
focusing acoustic field of annular array transducer [8]. It is
necessary to calculate the superimposed acoustic field in 3-
D space after the circular array element is discretized at a cer-
tain angle along the circumference. Firstly, the physical state
relationship between any two points in space is established
according to the transformed wave equation [9]:

J%(Egg;&i%§>¢%=JVGT5-PEDdV- (1)

Here, P, and P, are the acoustic pressures of two points
in the medium at a certain time, f is the body force, Sy is
the element area of the transducer, and V is the outside of
the whole boundary of the array element. To calculate the
acoustic field distribution in space, Green’s function G(x; y
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FiGureg 2: The focusing acoustic field of ultrasonic annular array
transducer.

,w) in 3-D space should be solved firstly:

G(x;5y, w) = =P T 4(7;:kr) ; (2)

where k is the wavenumber and r is the distance from a coor-
dinate point to a fixed point in 3-D space.

As shown in Figure 1, it is expressed as the distance from
any point of transducer to any point on the central axis, i.e.,
r=/x2+y%+2,2

Assuming that §(x — y) is the shock response function
and G(x;y, w) is the acoustic solution of the function as a
body force f, the two solutions of the wave equation can be
assumed as follows:

{ P, (x, w) = P(x, w),

{P2 (x,w) =G
fr(x0) =08(x - y).

Take Equation (3) into Equation (1), and then express it
as follows:

Pw)= | [Gosew) T o)

Combined with the deformation formula P = —jwp,@ of
Newton’s second law and Equation (2), for any point in the
radiation space, the total acoustic pressure of the synthetic
beam can be obtained by adding the acoustic pressure of N
elements with the following equation.

4mr

psn=Y e[ P Nas, )

where V, is the excitation signal of the array element, x and ¢
represent the spatial position and time, respectively, ¢ is the
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FIGURE 3: Acoustic pressure distribution of two types of annular array elements. (a) The element with equal width. (b) The element with equal
area. (c) Axial acoustic field distribution. (d) Radial acoustic field distribution.
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F1GURE 4: Focusing acoustic field distribution of annular array with different array element sizes. (a) N=4, d=2.6 mm=4A. (b) N=8,d
=13mm=2A (c) N=16,d=0.65mm= A. (d) N=32,d=0.325mm = 0.5\.

sound velocity of the medium, and Sy is the array element’s

area [10, 11].

The spatial focusing acoustic field of the ultrasonic annu-

lar array transducer is shown in Figure 2.

2.2. Selection and Design Method of Array Element
Parameters. When the total element area is fixed, the annular
array transducer element can be divided into two types: the
element with equal width and the element with equal area,
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TaBLE 1: Simulation parameters of ultrasonic annular array.
Element pitch Focusing depth Resolution ~ Focusing
No.
(mm) (mm) (mm) method
Fixed
1 0.65 20-120 0.1 aperture
(16)
Fixed F/D
2 0.65 20-120 0.1 (~4.4)
Fixed F/N¢
3 0.65 20-120 0.1 (~0.5)

as shown in Figure 3(a) and Figure 3(b). The area of the ele-
ment increases with the outer element from the inner ele-
ment under the partition form of equal element width. The
width of the outer element will decrease exponentially with
the increase of the number of elements when the area of each
element is equal. Figure 3(c) and Figure 3(d) show the acous-
tic pressure distribution at the depth of 60 mm of the annular
array transducer with 12 elements of the equal width and
equal area array elements. It can be seen that the difference
of axial acoustic field distribution between the two array ele-
ment partition methods is very small, and the radial focal
spot size is basically the same. However, when the number
of array elements required is large, the width difference
between the outer element and the inner element will be
too large, leading to the difficulty of micromachining.

The number and width of the elements can be directly
affected by the size of the elements when the total area of
the circular array element is fixed. The influence of different
element sizes on the focusing acoustic field of annular array
transducer is analyzed to establish the design criteria of ele-
ment parameters. Figure 4 shows the 2-D cross-sectional
simulation results of 3-D focusing acoustic field distribution
of annular array with different array element partition sizes.

Due to the equal area of the total array elements, the focal
spot sizes are close to each other under different element sizes
[12]. However, different from the design criteria for the ele-
ments of ultrasonic linear array transducer, the ultrasonic

annular array transducer still has strong main lobe energy
at 60 mm focal depth when there are only N =4 elements.
The influence of element width on the side lobe and grating
lobe of focusing acoustic field is also different from that of
ultrasonic linear array transducer: When the element width
d is close to half wavelength, as shown in Figure 4(d), there
are strong grating lobes on both sides of the transducer.
However, the side lobe with higher energy will be produced
when the element width d =4A, as shown in Figure 4(a).
Figure 4(b) and Figure 4(c) show that when the element
width of the ultrasonic annular array transducer is between
the wavelength and twice the wavelength, that is, when A <
d <2, the side lobe and grating lobe with higher energy
can be avoided at the same time. In addition, the axial acous-
tic field distribution characteristics under different array ele-
ment sizes are further analyzed to better realize the full depth
range detection, as shown in Figure 5.

The energy and size of the main lobe of the focusing
beam are mainly determined by the element number when
the total array area is fixed. According to the results of the
axial acoustic pressure, the focal spot sizes of the three results
are consistent when the number of elements N > 8. For the
axial acoustic pressure in the nonfocusing region, the peak
value of side lobe has reached 50% of the peak value of the
main lobe in the initial 20 mm depth when d = 2.6 mm = 41
and d =1.3mm = 2A. When d =0.65mm = A and d =0.325
mm = 0.5), the acoustic pressure fluctuation in the near-
field region is relatively stable. In conclusion, when the ele-
ment width d= A, the ultrasonic annular array transducer
has the best overall focusing acoustic field characteristics,
which can avoid the generation of high-energy side lobe
and grating lobe, and has better axial acoustic field.

3. Variable Aperture Focusing
Detection Method

3.1. Theory Analysis. The distribution of the focusing acous-
tic field of the ultrasonic annular array transducer is like that
of the single crystal disc with different focal length lenses, that
is, it satisfies the ultrasonic focusing theory of the disk
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FIGURE 6: Axial acoustic field distribution of annular array with different aperture excitation methods. (a) Fixed aperture method. (b) Variable
aperture method for fixed F/D. (c) Variable aperture method for fixed F/Ny.
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FIGURE 8: Test specimen of additive manufacturing with prefabricated defects.

acoustic field [13]. The width of the focusing beam is mea-
sured by -6 dB method as the focal spot diameter, and the
focal spot diameter of the focusing beam can be expressed
as follows:

AF
D =D~ D’

(6)

where A is the wavelength, F is the focal length, and D is the
diameter of the disc.

Therefore, when the wavelength is constant, the similar
focal spot diameter can be obtained in different depth regions
by fixing the ratio of focal length to element diameter of
annular array transducer. However, this fixed focal spot
diameter variable aperture method will lead to changes in
the near-field length and focusing energy. Therefore, the var-
iable aperture method can also be established by fixing the
focusing intensity and the near-field ratio [14]. According
to the near-field formula and the intensity of focusing acous-
tic field, the approximate characterization methods are as fol-

lows:

(7)

where N is the near-field length of the transducer and I is the
relative intensity of the focusing acoustic field.

It can be seen that the intensity of focusing acoustic field
at different depths is relatively consistent when the ratio of
focal length to near-field length is fixed. Therefore, two dif-
ferent variable apertures focusing detection methods can be
established, namely, fixed F/D and F/Ny.

3.2. Analysis of Focusing Acoustic Field Characteristics. In the
simulation model, the focusing acoustic field is distributed
along the axial direction in the depth range of 0-120 mm,
and a total of 6 focusing points are set at the interval of
20 mm. The excitation elements of the fixed aperture method
are all set as 16 elements. In order to ensure the dynamic
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medium.

focusing effect, the minimum excitation elements of the two
variable aperture methods are not less than 4. By changing
the number of excitation array elements, the scale factor of
the two variable aperture methods is kept unchanged as far
as possible. The specific simulation parameters are shown
in Table 1.

The axial acoustic field distribution of the three focusing
methods at different depths is shown in Figure 6. It is shown
in Figure 6(a) that the focusing method of annular array with
fixed aperture has higher focusing beam energy in the focus-
ing depth of 20-80 mm. However, with the increase of the
focusing depth, the axial size of the focal spot increases obvi-
ously, and the focusing energy decreases rapidly, with the
maximum difference of nearly 40%. In addition, the focal
spot length of the near surface is small under this detection
method, and when the dynamic focusing points are spaced
at a large distance, the nonfocusing region (such as 30 mm
in Figure 6(a)) may become a detection blind zone. The sim-
ulation results of the fixed F/D variable aperture method are

shown in Figure 6(b). Different from the fixed aperture
focusing method, the axial size difference of the focal spot
at a larger focusing depth (>40mm) is smaller. However,
the energy of focal spot field is lower at a smaller focusing
depth, and the difference between the maximum and mini-
mum amplitude of each focusing center is about 47%.
Figure 6(c) shows the simulation results of the fixed F/N;
variable aperture method. It can be found that the difference
of energy and length of focal spot is the smallest at different
focusing points. The maximum difference of central ampli-
tude of all focusing center is about 31%, and the difference
of central amplitude is less than 5% in the detection range
of 60-120 mm, which can ensure more consistent detection
sensitivity for different depth defects of the component. In
addition, the acoustic pressure of the variable aperture
method for fixed F/N¢ is increased obviously in the nonfo-
cusing region with the depth of 30 mm, which is about 3
times of the fixed aperture method and 2 times of the variable
aperture method for fixed F/D. Therefore, the variable
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aperture method for fixed F/N; can avoid the problem of
missing detection caused by the large spacing of the focusing
points.

The axial distribution characteristics of acoustic field will
affect the detection sensitivity and maximum detection
depth, while the radial distribution characteristics of acoustic
field will directly affect the quantitative accuracy of C-scan
inspection results [15, 16]. The -6 dB method is used to mea-
sure the radial size of the focal spot of the fixed aperture
method and the two variable aperture methods. The varia-
tion of the radial size of the focal spot with the focusing depth
in the range of 20-120 mm is shown in Figure 7.

The measurement results show that the radial size of the
focal spot changes mostly with the increase of the focusing
depth under the fixed aperture focusing method, and the dif-
ference between the maximum value and the minimum value
in the range of 20-120 mm is about 3.3 times. The fluctuation
of focal spot size of the two variable aperture focusing
methods is better than that of the fixed aperture focusing
method. The change range of the focal spot size of the fixed
F/D variable aperture focusing method is the smallest, the
difference between the maximum and the minimum is about
1.9 times, and the change range of focal spot size is less than
0.7 mm when the depth is more than 40 mm. The simulation
results show that the axial and radial acoustic field distribu-
tion characteristics of the variable aperture focusing method
are better than those of the fixed aperture focusing method.
For different depth focusing points, the fixed F/D variable
aperture method has the best performance in the consistency
of focal spot size, and the fixed F/N; variable aperture
method is more excellent in the consistency of focusing
energy intensity and detection sensitivity.

4. Dynamic Focusing C-Scan Experiment of
Annular Array

4.1. Specimen and Experimental Setup. The detection of tita-
nium alloy specimen is prepared by additive manufacturing
method, which has high attenuation and anisotropy proper-
ties [17]. Due to the particularity of manufacturing process,
the acoustic wave will produce distortion and strong attenu-
ation when propagating inside the specimen [18, 19]. There-
fore, the focal spot symmetry and focusing acoustic field
energy of transducer have great influence on the defect imag-
ing accuracy and SNR, resulting in the poor detection results
of additive manufacturing titanium alloy using ultrasonic lin-
ear array transducer and single-crystal ultrasonic transducer.
The thickness of the specimen along the deposition direction
is 60 mm, and there are flat bottom holes with a diameter of
0.8mm on three adjacent surfaces to verify the design
method of annular array transducer and the variable aperture
focusing method, as shown in Figure 8.

An ultrasonic array water immersion C-scan automatic
detection system was established to evaluate the defects of
additive manufacturing titanium alloy specimen [20], as
shown in Figure 9(a). The ultrasonic annular array trans-
ducer with a center frequency of 10 MHz and 16 elements
is used for the detection experiment. The 64/128 channel
ultrasonic array board produced by American AOS company

is used as the excitation/receiving hardware of acoustic wave
detection. As shown in Figure 9(b), the single detection
region along the axis direction is discretized into dynamic
focusing points with a certain interval. The dynamic focusing
points are set at 20 mm, 40 mm, and 60 mm intervals, which
are consistent with the parameters in acoustic field simula-
tion analysis. According to the simulation results of axial
acoustic field, the defect-2 and defect-3 are located in the
nonfocusing region, and the bottom defect-1 is located in
the focusing region of 60 mm. Finally, the 3D finite element
simulation model of acoustic beam propagation of annular
array in double-layer medium is established, as shown in
Figure 9(c). The correctness of the focusing delay time of
the annular array transducer in the water coupling automatic
scanning is verified, and the propagation of the focusing
acoustic beam in the specimen is analyzed.

4.2. Detection Results and Discussion. The detection results of
the commonly used linear array are shown in Figure 10(a).
Due to the high attenuation and anisotropy of the additive
manufacturing titanium alloy, the defect-1 at the bottom of
the specimen cannot be detected by the 64 elements of linear
array transducer. In addition, the noncircular symmetric
array element distribution structure of linear array will lead
to more serious imaging distortion. The C-scan detection
results of the annular array are shown in Figure 10(b) and
Figure 10(c) by using the dynamic focusing method of fixed
aperture and fixed F/N; variable aperture, respectively [21].
The two focusing methods of annular array can detect all
the three defects in the specimen with different depths. How-
ever, although the depth of defect-2 and defect-3 is smaller,
the center amplitude of bottom defect-1 with fixed aperture
focusing method is much larger than that of near surface
defect-2 and defect-3, while the center amplitude of defects
in variable aperture focusing method is more consistent. In
addition, since the variable aperture method is more consis-
tent in the focal spot size at different depths, the size differ-
ence between defects in Figure 10(c) is smaller than that of
the C-scan results of fixed aperture.

Figure 11 is the echo signals of defects in Figure 10(b) and
Figure 10(c), respectively. The detection results show that the
SNR and near-field characteristics of the variable aperture
method are better than the fixed aperture method. Among
them, the improvement of detection results for defect-2 and
defect-3 in the nonfocusing region is more obvious than
defect-1 in the focusing region with variable aperture
method. Although the excitation aperture of the variable
aperture method is less than that of the fixed aperture
method at this depth, the defect center amplitude of the var-
iable aperture method is higher and the overall noise level is
relatively low. For example, the SNR of defect-3 with variable
aperture method is 18.1dB, while that of fixed aperture
method is only 9.6 dB. In addition, it can be seen from the
A-type signal that the length and amplitude of the near-
field signal using the annular array variable aperture method
is far better than that of the fixed aperture method. The near-
field signal length of the fixed aperture method is 7.5 mm,
and the maximum amplitude is about 65% of the full screen;
the near-field length of the variable aperture method is
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3.2mm, and the maximum amplitude is only 14% of the full
screen.

5. Summary and Conclusions

The relationship between the annular array element parame-
ters and the 3-D acoustic field distribution is analyzed, and
the parameter design criteria of ultrasonic annular array
transducer are established. Different from the design criteria
of linear array transducer element size, the annular array
transducer can obtain better acoustic field distribution char-
acteristics when the element width is close to the detection
wavelength, and the stronger main lobe energy can be
achieved with 4 array elements. In addition, when the ele-
ment width is A < d < 2, the high-energy side lobe and grat-
ing lobe can be avoided at the same time; when the array
element number is N > 8, and the element width is 0.5A <
d < A, the ultrasonic annular array transducer has better axial
acoustic field.

The variable dynamic focusing method of ultrasonic
annular array transducer is established; compared with the
fixed aperture method, the consistency of the focusing point
energy and the focusing spot size is higher, and the detection
sensitivity of the nonfocusing region is improved. The detec-
tion results of additive manufacturing titanium alloy speci-
men show that the difference of center amplitude and
imaging size of different depth defects is smaller by using
the variable aperture method. In addition, the SNR of the
nonfocusing region defect reaches ©0.8 mm —18.1dB and
has better near-field characteristics. The proposed method
has a good application prospect in the detection of large
thickness and high attenuation materials in the whole depth
range. The distortion of defect imaging caused by the anisot-
ropy of additive manufacturing titanium alloy will be studied
in the next step.
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