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SUMMARY:: To address the challenge of detecting subtle internal defects in ceramic sleeves,
this paper integrates Phase Coherence Imaging (PCI), dB amplitude enhancement (dB), and
the Total-Focusing Method (TFM) to improve image precision and enhance the detectability of
subtle defects within ceramic sleeves. Initially, a model of subtle defects in the ceramic sleeve
was developed in COMSOL, followed by a comparative simulation to analyze the effects of
various ultrasonic phased array probe parameters-such as element count, element spacing, and
element frequency-on defect detection and imaging at different positions, ultimately leading to
the selection of optimal probe parameters. Subsequently, a test platform for ultrasonic total-
focusing detection of ceramic sleeve defects was established, and experimental validation was
performed by detecting a Imm pore defect inside the ceramic sleeve using the optimal probe
parameters. Results indicate that, when using the optimal probe parameters for detecting subtle
defects in ceramic sleeves, the TFM-PCI-dB method effectively reduces noise and artifacts in
the image, while enhancing the amplitude at defect locations, thus making defects easier to
detect. The experimental results also validate that this method enables high-precision detection
of subtle defects within ceramic sleeves.
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1 Introduction

Ceramic sleeves are insulating containers used in electrical equipment. They are commonly
employed for insulation and support in high-voltage components, such as voltage transformers,
current transformers, surge arresters, capacitors, transformers, and SF6 circuit breakers [1, 2].
The insulation provided by ceramic sleeves ensures the safe operation of these devices under
high-voltage conditions. However, the polycrystalline structure of ceramic material and the
presence of internal micro-pores and micro-cracks pose potential risks for brittle fracture and
explosion of ceramic sleeves. These issues can arise during equipment operation, under external
loads, or due to pressure increases caused by internal faults, leading to the potential for
breakage. The fracture of ceramic sleeve can directly cause circuit breakers or isolating switches
to trip, resulting in large-scale power outages. Therefore, inspecting and identifying subtle
internal defects in ceramic sleeves is critically important.

Various detection techniques, including vibration acoustic methods, ultrasonic testing, and
infrared/ultraviolet detection, have been applied to defect detection in ceramic sleeves and
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ceramic insulators [3-5]. Infrared and ultraviolet wave technologies offer advantages such as
large-area scanning and fast detection, allowing for non-contact detection, but they are highly
susceptible to surface contamination, environmental conditions, and insulator temperature, as
well as detection distance. Vibration acoustic detection is a simple process that can identify the
presence of defects in the ceramic sleeve, but it cannot accurately determine the location or type
of defect. Additionally, weather conditions (e.g., strong winds or low temperatures) can affect
the ceramic sleeve's response frequency in this method. Currently, the most widely used method
for ceramic sleeve defect detection is ultrasonic testing [6], which primarily includes the slope
method and small-angle longitudinal wave method. However, both methods lack clear
visualization, require a high level of expertise and experience from the operators, and are not
effective for detecting minute defects.

Although the aforementioned detection methods are effective for certain types of defects in
ceramic sleeves, their detection capabilities for subtle internal defects are limited. Therefore,
this paper proposes the use of ultrasonic phased array total-focusing technology to detect
internal defects in ceramic sleeves, elevating traditional one-dimensional ultrasonic testing to
an intuitive two-dimensional imaging detection method. Firstly, the propagation characteristics
and patterns of sound waves in ceramic sleeves are analyzed using COMSOL finite element
simulation software, and the parameterized scanning function is used to perform one
transmission with full reception from all elements to obtain the full matrix data of the ceramic
sleeve. Additionally, the impact of different element parameters on TFM, TFM-PCI, and TFM-
PCI-dB imaging is studied, and the optimal element parameters are selected to detect several
typical defects in the simulated ceramic sleeve model, exploring the feasibility of this method.

2 Principles of Total-Focusing and Phase Coherence
Algorithms

2.1 Total-Focusing Imaging Algorithm

The toal focusing method is a post-processing imaging algorithm based on full matrix data. For
an ultrasonic phased array probe with N elements, following the excitation rule of one
transmission with full reception from all elements, the full matrix data Sij (where 1<i<n, 1<j<n)
will be collected, consisting of N>N sets of A-scan signals. This full matrix data forms the
fundamental data source for the ultrasonic total-focusing imaging algorithm, covering all wave
information in the detected region [7]. The TFM divides the detection region into a grid of focal
points, calculates the time delay between the the transmitting element (i ) and the focus point
( P); and then from the focus point ( P ) to the receiving element ( j ), based on the sound speed
and sound path; then performs amplitude index summation [8]. Thus, the amplitude at the focal
point ( I(x, z) ) is determined, and the same process is repeated for all focal points. Finally,
imaging is performed based on the amplitude matrix. The principle of total-focusing is
illustrated in equations (1) and (2).
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Figure 1: Schematic of full matrix data capture
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Figure 2: Schematic diagram of the captured full matrix data
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In the equations, tij(Xp,zp) represents the time required for the ultrasonic wave to propogate
from element (i) to point ( P ), then be reflected from point ( P ) and received by element (j ).
( ¢ ) denotes the sound speed in the object being tested.
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Figure 3: Schematic diagram of the total-focusing Method (TFM)
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2.2 Phase Coherence and dB Amplitude Enhancement Principles

The weight factor is constructed based on the phase distribution information in the received
echo signals, and then applied to the weighted reconstruction of the image [10]. In the full
matrix data, the defect areas exhibit consistent phase distribution characteristics, referred to as
phase alignment, which results in high phase coherence. In contrast, noise components in the
echo signals exhibit scattered phase distributions and significantly lower phase coherence [11].
Based on this principle, phase information from the full matrix signals can be extracted to
construct the corresponding phase coherence factor. Then, the phase coherence factor C (x, z)
is used to apply a weighting process to the image matrix obtained through the TFM method.

Firstly, the Hilbert transform is applied to the full matrix data using Euler's formula. The
signal resulting from Hilbert transform can be written as:

h(t)=|h|e” = |h|(cosp+ jsing) (3)

In this equation, |h] is the magnitude of the signal, and ¢ represents the phase angle of the
signal. The phase information of the real and imaginary parts of the signal is represented by
sine and cosine, respectively.

Next, the phase information and phase standard deviations, var(cosp) and var(sing),
corresponding to each pixel are calculated, as shown in equations (4) and (5). Based on equation
(6), the Circular Coherence Factor (Cccr) for each pixel is then computed and normalized. The
value range of the Cccr after normalization is [0, 1], where a smaller factor indicates poorer
coherence, while a larger factor indicates better coherence [[11]]

var(sin o(x, z,1)) =ﬁisin2¢—(%isin 9)° 4)
_ 1 , 1o 2

var(cos ¢(x, z,i)) = NZCOS (p—(EZCos (pj (5)

Cer (X, z) =1—sqrt[var(cos @) + var(sin ¢)] (6)

In the equation, var(cosp) and var(sing) are functions of the pixel coordinates (X, z) and the
stepping position i. sqrt[var(cosg)+var(sing)] represents the phase standard deviation of each
pixel in the image matrix.

Finally, the image matrix undergoes weighted reconstruction, resulting in the magnitude of
the new image lc:

I (%, 2) =|C(x,2)1 (X, 2)] (7)

The construction of the phase coherence factor depends on the phase standard deviation of
each pixel in the image matrix [[13]]. Specifically, the phase coherence factor for noise pixels is
low. During the weighted reconstruction process, the IC magnitude corresponding to noisy
pixels will decrease, which effectively reduces the magnitude of the noise. On the contrary, for
pixels with a higher phase coherence factor, the amplitude remains relatively stable after
weighted reconstruction. Therefore, through the weighted reconstruction process, the noise
signals in the image matrix can be effectively suppressed and removed.

The dB amplitude enhancement algorithm proceeds as follows: Firstly, an average dB
threshold value (k) for the image matrix is set. Then, the dB value for each point in the image
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matrix is calculated and compared with the preset threshold value (k). For all dB values less
than ( k), they are set to 0, while values greater than ( k ) remain unchanged.

3 Simulation Study on the Influence of Array Element
Parameters on TFM and PCI Imaging

3.1 Simulation Model of Ultrasonic Total-Focusing Imaging for Ceramic
Sleeves

A ceramic sleeve is typically composed of a cast iron flange, cement, and ceramic body, bonded
with adhesive. According to statistics, more than 95% of fractured ceramic bottles occur
between the flange and the first umbrella cluster, within 30 mm of the flange. Therefore, the
primary detection area is defined as within the 30 mm range around the adhesive section of the
cast iron flanges at both ends of the ceramic sleeve [14].

To investigate the impacts of different array element numbers, array element frequency, and
element spacing on the imaging of subtle defects in the ceramic sleeve, a two-dimensional
cross-sectional model of the ceramic sleeve, with an outer diameter of 80 mm and an inner
diameter of 40 mm, was established using COMSOL finite element software. The model is
coupled with the array elements via a coupling agent to ensure good coupling. Additionally,
circular hole defects with a diameter of 1 mm were set at different positions within the ceramic
sleeve to study the imaging effects of defects at various positions.

_~ Elements

couplant

Figure 4: Finite Element Simulation Model of Ceramic Sleeve

When a single array element is used for excitation and reception, a snapshot of the acoustic
field generated by the sound waves propagating within the ceramic sleeve is shown in Figure
5. Three circular hole defects are positioned at different locations within the ceramic sleeve.
Due to the air-filled medium at the defect sites and the difference in acoustic impedance, the
sound waves undergo reflection and transmission as they pass through the defects. The reflected
sound waves propagate towards the upper boundary, while the transmitted sound waves
continue towards the lower boundary [15]. Att = 0.92 ps, the array element begins to excite
the ultrasound, which propagates from the element towards the interior of the workpiece. At t
= 2.54 us, the ultrasound reaches the positions of the first and second defects, and the reflected
echo from the first defect has propagated close to the array element. At t = 3.95 ps, the reflected
echoes from the first and second defects have also propagated near the upper surface array
element, while the third defect experiences both reflection and transmission of ultrasound.
Simultaneously, the ultrasound reaches the bottom surface, where the interface between air and
ceramic creates reflected echoes from the bottom surface. At t = 6.18 ps, the bottom wave
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reflection reaches near the probe surface, and the ultrasonic waves on both sides continue to
propagate towards the lower part of the ceramic sleeve, gradually attenuating and eventually
disappearing.

N/
(a)t=0.92ps (b)t=2.54ps
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(c)t=3.95us (d)t=6.18ps

Figure 5: Snapshot of Sound Field Propagation in the Ceramic Sleeve

3.2 Influence of Array Element Number on TFM and PCI Imaging

As shown in Figure 6, the highlighted region at the top of the image represents the blind zone
formed between the probe and the workpiece surface. The red arc at the bottom represents the
bottom surface of the ceramic sleeve, with three prominent regions between the surface blind
zone and the bottom wave, which correspond to the imaging of three air-hole defects.

The increase in the number of array elements leads to an extension of the total length of the
array, thereby expanding the detection range [16]. However, for arc-shaped workpieces, the
extension of the array length can result in poorer coupling effects. This means the air gap
between the array elements and the workpiece will increase, which may cause greater
attenuation of the ultrasound, thus degrading the detection image quality.

As the number of elements increases, the length and depth of both the surface blind zone
and bottom surface also increase. For the 16-element detection image, due to the short probe
length, the defect shapes on the left and right sides differ slightly from the actual round holes.
The 32-element array provides better imaging, with defect shapes closer to the actual ones and
lower background noise. For the 64-element array, the total length is longer, leading to poor
coupling with the curved surface of the ceramic sleeve. As a result, some distortion occurs at
the defect area, the surface blind zone increases, and background noise rises. Therefore,
considering the overall imaging performance, the 32-element array provides the best imaging
effect.

(a) 16-element
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(b) 32- element

(c)64- element
Figure 6: TFM and PCI-dB Imaging with Different Numbers of Array Elements

3.3 Influence of Array Element Emission Frequency on TFM and PCI
Imaging

In ultrasonic testing, increasing the frequency improves the ability to resolve defects.
Resolution is generally considered to be half the wavelength of the ultrasonic wave. With the
sound speed remaining constant, as frequency increases, the wavelength decreases, thereby
improving the defect resolution capability[17, 18]. However, higher frequencies may also
introduce more noise details. In practical applications, the frequency of the probe should be
carefully selected based on the material’s attenuation characteristics and specific resolution
requirements.

From the results at 1, 3, and 5 MHz, it is observed that as the frequency increases, the image
becomes clearer, and the accuracy of defect detection improves. Therefore, for detecting subtle
defects inside the ceramic sleeve, the 5 MHz emission frequency is the optimal choice for defect
detection.

(a)IMHz
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(b)3MHz

(c)5SMHz
Figure 7: TFM and PCI-dB Imaging with Different Array Element Frequencies

3.4 Influence of Array Element Spacing on TFM and PCI Imaging

Increasing the spacing between array elements enhances the directionality of the array and
broadens the detection area. However, if the element spacing is too large, grating lobes may
occur [19]. Grating lobes, due to their high energy, are major contributors to artifact formation.
Furthermore, increasing the element spacing also extends the total length of the array, which
degrades coupling and causes greater ultrasound attenuation, leading to a poorer detection
image. Therefore, the optimal element spacing in this study was set at 0.6 mm.

(2)0.6mm

(b)0.8mm




INGEGNERIA SISMICA — INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

(c)1.0mm
Figure 8: TFM and PCI-dB Imaging with Different Array Element Spacings

4 Experimental Detection and Verification of Subtle Defects
in Ceramic Sleeves

4.1 Ultrasonic Total-Focusing Detection of Ceramic Sleeve Defects

The ultrasonic total-focusing detection platform for ceramic sleeve defects is shown in Figure
9. It consists of a CTS-PA32BM phased array total-focusing imaging detection instrument, a
flat-panel display, a phased array probe, a coupling agent, and ceramic sleeve samples. In the
ceramic sleeve samples, air void defects with a diameter of 1mm are located at the near-surface,
internal middle, and near-bottom positions. During the experiment, the probe filled with the
coupling agent is directly placed on the ceramic sleeve surface. Under the effect of the coupling
agent, ultrasonic waves are transmitted into the interior of the ceramic sleeve, achieving good
coupling and reducing ultrasonic attenuation, which improves detection efficiency and
accuracy. The reflected signals are then received by data transmission lines and sent to the flat-
panel software. After organizing and analyzing the data, the reflected signals are converted into
waveforms and images, which are displayed in the software.

Figure 9: Ultrasonic Ceramic Sleeve Defect Detection Platform
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4.2 Analysis of Near-Surface Defect Imaging in Ceramic Sleeves

The imaging of near-surface defects in the ceramic sleeve is shown below. The red-highlighted
long strip at the lower-left corner of the image represents the bottom surface of the ceramic
sleeve. Due to poor coupling, the position of the bottom wave is not directly beneath the probe.
The area at the upper-middle of the image shows the imaging of the 1mm air void defect on the
ceramic sleeve surface, while the rest of the image consists of noise and artifacts. Since the
ceramic sleeve is an arc-shaped object, the ultrasonic wave propagation path inside is complex,
and the probe cannot achieve good coupling with the surface of the ceramic sleeve. As a result,
a significant amount of noise and artifacts appear in the image..

Due to the probe’s inherent near-field detection limitation, near-surface defects are difficult
to identify. Additionally, surface waves generated at the probe’s contact with the ceramic sleeve
interfere with the ultrasonic waves on the surface, which creats surface waves that disturb the
detection signals in the near-surface region, making defect identification more challenging. As
a result, the TFM image shows significant noise and artifacts near the surface, making it
difficult to accurately identify defects. However, after phase-coherent denoising and dB
amplitude enhancement processing, the noise and artifacts in the image are completely
eliminated, and the TMF-PCI-dB image only displays the baseline waves and defects, making
subtle defects in the ceramic sleeve more easily distinguishable.

Figure 10: Defect TFM near the surface of the ceramic sleeve

Figure 11: Defect TFM-PCI-dB near the surface of the ceramic sleeve
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4.3  Analysis of Inner-Middle Defect Imaging in Ceramic Sleeves

The defect imaging of the inner middle section of the ceramic sleeve is shown below. The red-
highlighted long strip at the bottom of the image represents the bottom surface of the ceramic
sleeve. The area in the middle of the image corresponds to a 1mm pore defect in the inner
middle section of the ceramic sleeve, while the rest of the image consists of noise and artifacts.
Since the defect is not located near the surface, the TFM imaging of the defect in the inner
middle section of the ceramic sleeve shows a significant reduction in noise and artifacts
compared to the near-surface defects.

Although noise and artifacts are significantly reduced compared to near-surface defects,
they are not completely eliminated. Some artifacts remain between the defect and the bottom
wave. After phase-coherent denoising and dB amplitude enhancement processing, the noise and
artifacts in the image are fully removed, greatly enhancing image accuracy.

Figure 12: Defect TFM in the Inner Middle Section of the Ceramic Sleeve

Figure 13: Defect TFM-PCI-dB in the Inner Middle Section of the Ceramic Sleeve

4.4  Analysis of Near-Bottom Defect Imaging in Ceramic Sleeves

The defect imaging of the near-bottom section in the ceramic sleeve is shown below. The red-
highlighted long strip at the bottom of the image represents the bottom surface of the ceramic
sleeve. The highlighted arc-shaped area above the bottom surface corresponds to the imaging
of a Imm pore defect near the bottom of the ceramic sleeve, with the rest of the image consisting
of noise and artifacts. The noise and artifacts in this image are more prominent than those in
the TFM image of the internal middle defect but less so than in the near-surface TFM image.

11
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After phase-coherent denoising and dB amplitude enhancement processing, the noise and

artifacts present in the defect imaging of the near-bottom section of the ceramic sleeve have
been completely eliminated, significantly improving image precision and making subtle defects
more distinguishable.

Figure 14: Defect TFM in the Inner Middle Section of the Ceramic Sleeve

Figure 15: Defect TFM-PCI-dB in the Inner Middle Section of the Ceramic Sleeve
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