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A compact five-element integrated ultrasonic transducer was designed and manufactured
for the inspection of defects in the split pins of control rod guide tubes in nuclear power
plants. The transducer consists of three types of ultrasonic elements to detect cracks in the
entire volume of the split pins. In the transducer design, two main factors were
investigated: the coupling of elements in confined space and measurement sensitivity.
The experimental results demonstrated that the developed transducer has good acoustic
performance and defect response capabilities and can detect 10 mm × 2mm × 0.5 mm
notches in the three areas of the split pins. This work provides a foundation for applications
in nuclear site inspections.
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INTRODUCTION

Ultrasonic testing (UT) (Shung, 2011) has become indispensable in nuclear power plants for regular
health status monitoring of in-service equipment because of its ability to locate minor defects in
materials and structures non-destructively without detrimental environmental effects. To improve
the efficiency and safety of nuclear power generation, components with complex geometries and
special materials are used in next-generation nuclear power units. Ultrasonic testing of these complex
structures places high requirements on ultrasonic transducers. Meanwhile, the development of a
high-efficiency transducer is always important for reducing the radiation dose to which the
ultrasonic testing operator is exposed (Xia and Han, 2016; Yuan et al., 2011; Guo et al., 2012).
In recent years, many researchers have focused on the development of ultrasonic array probes and
ultrasonic phased array technology to improve the efficiency of ultrasonic detection for key
components in nuclear power plants (Norris et al., 1999; Chikazawa and Yoshiuji, 2015;
Trampus, 2014; Drinkwater and Wilcox, 2006; Kim et al., 2016a; Shi et al., 2014; Fu et al.,
2019). Trampus (Trampus, 2019) adopted a smart phase array UT probe to detect radial fatigue
cracks in a nozzle radius. Yamamoto et al. (Yamamoto et al., 2016) developed a phased array
ultrasonic inspection technique for monitoring cast austenitic stainless steel parts in nuclear power
plants. Fu et al. (Fu et al., 2019) designed a 2.5 MHz 64 el dual-element matrix array probe and a
2.25 MHz 64 el single-linear array probe for the inspection of vertical defects in the butt-joint welds
of CFETR vacuum vessel port stubs.

However, the ultrasonic phased array probes are too large to reach the surfaces of the components
in complex structures with narrow scanning spaces. Even if the transducer could reach these
components, the ultrasonic beams could not cover the target inspection area because of the limited
scanning space. Compact ultrasonic probes have emerged as a solution to this problem (Yoon et al.,
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2014; Erhard et al., 2001; Song et al., 2002; Kim et al., 2016b;
Abdallah and Namgung 2018). Pajnić et al. (Pajnić et al., 2009)
developed a slim sword-like trinary probe with a pair of time-of-
flight diffraction (TOFD) transducers for the detection and sizing
of circumferential and axial cracks in the 3 mm gap between the
inner surface of the penetration nozzle and the thermal sleeve.
Glass et al. (Glass et al., 2011) proposed a 4-element probe to
detect cracks inside nuclear reactors.

In this study, a compact multi-element ultrasonic transducer
was designed and fabricated for the inspection of split pins, which
are the key connecting parts of the internal components in the
reactor core of a nuclear power plant. The spectrum performance
and defect detection ability of the ultrasonic transducer were
quantified. A mockup of the interior of a reactor core containing
the split pins was designed and produced to simulate the actual
engineering inspection environment. An underwater robot was
developed to carry the transducer for underwater testing.

EXPERIMENTS

Split pin Inspection Requirements
A split pin is the key component for connecting and ensuring the
accurate positioning of the control rod guide tube and the upper
grid plate (IAEA, 2007; Andresen et al., 2012), as shown in
Figure 1A. Nuts are used to fasten the split pins to the
control rod guide tubes, as shown in Figure 1B. The material
of the split pin is the alloy Inconel X-750. Solid solution and
surface shot peening treatments were performed on the pin
during the manufacturing process. The structure of the split
pin is shown in Figure 1C. The total length of the split pin is
92.95 mm, and the free state diameter of the open end is 21.3 mm.
Its diameter after compression is 20.5 mm. The width of the
middle open slot is only 3.2 mm, and its length is 30 mm.

The structure of the split pin can be divided into the leaf zone,
transition zone, shrank zone, and thread zone, as shown in
Figure 2. Part failures mainly occur in the root of the open
leaf area, the transition area between the shrank and leaf zones,
and the first buckled area in the thread zone at three positions.
The most common type of failure is cracks. The orientation of the
cracks occurring in the thread and leaf zones is perpendicular to

the axis of the split pin, while in the transition zone it is in the
range of 30–60° along the axial direction.

Compact Transducer Design
Three types of conventional ultrasonic transducers are needed for
the inspection of cracks in the three zones mentioned above. For
cracks in the leaf zone, two semi-circular elements utilizing a 0°

longitudinal wave are aligned along the bottom plane of the split
pin, as shown in Figure 2A. For cracks in the threaded zone, a
long strip element utilizing a 0° longitudinal wave is aligned on
the top of the middle open slot, and the two semi-circular
elements choosing emit-receive mode are also been used, as
shown in Figure 2B. For tilt cracks in the transition zone, a
send-and-receive mode transducer with two tandem elements are
aligned on the side of the open slot in the leaf area, as shown in
Figure 2C. A 45° transverse wave is used to detect the tilt cracks. It
is time-consuming to use conventional ultrasonic transducers
because changing the transducer takes place in cumbersome steps
during the automatic scanning. To improve inspection efficiency,
a compact five-element plug-in integrated transducer was
designed to detect cracks in the entire volume of the split
pins, as shown in Figure 2D.

The design details are as follows:

(1) Element frequency and size design: The split pin is made of a
nickel-based material, which has higher acoustic attenuation
compared to carbon steel. Therefore, a low-frequency wave
should be chosen for inspecting the high-attenuation
material. However, the length of the split pin is only
92.95 mm. The element frequency was set to 5 MHz in
consideration of the tradeoff between the resolution and
sensitivity. The elements were designed to be as large as
possible to provide maximum detection coverage. Elements
E4 and E5 were designed as semi-circles with a diameter of
16 mm. Elements E2 and E3 were designed as rectangles with
a size of 2.4 mm × 8 mm. The size of element E1 is 2.2 mm ×
8 mm. The design of element frequency and size is validated
by CIVA, a professional sound field simulation software. The
results show that the selected frequency and size can
effectively cover the area need to be detected in the
maximum sound pressure-6dB range, as shown in

FIGURE 1 | Structure of the split pin: (A) postion of the split pin; (B) cross section; (C) geometry.
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Figure 3. Other frequencies such as 3, 4, and 6 MHz are also
simulated. The sound field distribution simulation in the leaf
zone of E4 or E5 in the split pin was shown in Figure 4.
taking the leaf zone for example. The calculation results show
that 5 MHz is a suitable frequency.

(2) Angle design: The defects in the thread and leaf area occur
mainly in the direction perpendicular to the axis of the split
pin. Therefore, the E4, E5, and E1 elements utilize a 0°

longitudinal wave to detect defects at the leaf zone and
the thread zone. The E2 and E3 elements were designed
to utilize a transverse wave mode with a refraction angle of
45° to detect defects with axial directions of 30–60° at the
transition zone. The distance between the E2 and E3
elements was designed to be 15 mm. The reason for this
design is: The beam path of the 45° elements can detect

transition zone 30–60° defects approximately vertically,
through the split pin side-wall reflection, and the tandem
detection pattern can be used for adapting to the change of
the angle of the defect, therefore, it has a high probability of
detection (POD).

(3) Coupling matching design: The inspection of the split pin
was performed in an underwater environment. Water can,
therefore, be used as the ultrasonic testing couplant. To
ensure full coupling of the element, the size of the
inserted chip was designed to meet strict requirements.
The length of the inserted chip was accurately designed to
be 30 mm to ensure full contact between the elements E4, E5,
and E1. For the transition zone inspection, the element needs
to be inserted into the opening slot, which has a width of
2.4 mm. Therefore, the thickness of the designed insert was

FIGURE 3 | Sound field coverage simulation: (A) E4/E5 for leaf zone; (B) E4/E5 for thread zone; (C) E1 for thread zone; (D) E2/E3 for transition zone.

FIGURE 2 | Ultrasonic inspection strategies: (A) 0° L for leaf zone; (B) 0° L for thread zone; (C) 45° S for transition zone; (D) combined design.
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made to be 2.2 mm, and a compressible spring was
incorporated into the design on one side of the insert. The
compressible spring fitting method was adopted to ensure the
quality of the coupling and improve the safety performance
of the transducer.

(4) Transducer housing design: The length of the transducer
housing is same as the thickness of the upper grid plate,
which is 45 mm. Four bolt holes were incorporated into the
design to fix the transducer.

Compact Transducer Assembly
The ultrasonic transducer element, damping, cable, and
connector were selected based on the design of the ultrasonic
transducer, and the housing of the transducer was fabricated. The
split pin ultrasonic integrated transducer was then assembled.
The process is shown in Figure 5.

The piezoelectric ceramic PZT (1–3 composite, Changzhou
ultrasonic electronics Co., LTD) was chosen for the transducer
element considering the vibration characteristics. The protective

film was made of polymethyl methacrylate (PMMA), which has
good sound permeability, wear resistance, chemical stability, and
radiation resistance. The PMMA thickness of the E4 and E5 is
5 mmE1 protective layer adopts a semi-circular structure adapted
to the bottom arc end of the split pin, and the maximum thickness
of PMMA, is the radius of the arc 1.6 mm E2 and E3 protective
layer thickness design is mainly considered its 45° refractive angle
in the split pin. According to Snell’s law of refraction, the E2 and
E3 in PMMA has a tilt of 38.5°, therefore, the thickness of the
protective layer is 1–2.4 mm.

The transducer damping stops the vibration of the
piezoelectric element quickly, reduces the pulse width,
improves the resolution, and absorbs the ultrasonic waves
emitted from the back of the element to reduce the initial
pulse noise. The damping is made of a 35% tungsten powder
+65% epoxy resin composite material.

A RG178 cable is used as the transducer cable partly because of
its flexibility and resistance to electromagnetic interference,
moisture, and temperature extremes. The length of the cables
is 2.2 m. The connector uses a 50Ω LEMO 00 coaxial connector.

FIGURE 4 | Sound field distribution simulation of E4 or E5: (A) 3 MHz; (B) 4 MHz; (C) 5 MHz; (D) 6 MHz.

FIGURE 5 | Exploded device structure of the ultrasonic transducer.
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SUS304 stainless steel is used for the transducer housing owing to
its ease of decontamination in a radioactive environment. The
processing accuracy was precisely controlled, and the sharp edges
were blunted during shell processing to prevent the edges from
damaging the inspected component.

The overall assembly process of the probe is as follows: E1, E2,
and E3 were first fixed on the PMMA holder. The whole assembly
was then installed on the stainless steel holder together with the leaf
spring. The probe wires of E1, E2, and E3 were placed through the
stainless steel holder slot. The protective layer, baffle, E4, and
backing were then installed into the housing, which was then filled
with an epoxy filler. The 2.2 m long cable of the five elements was
then connected to the BNC-type LEMO 00 cable.

Transducer Performance Tests
The electrical impedance characteristics were measured using an
impedance analyzer (Agilent 4294A). The center frequency and
bandwidth (BW) of the transducers were characterized using a
pulse-echo response arrangement and two self-designed blocks.
The material of the test blocks was X750, which is the same as that
of the split pins. Test block 1 was a semi-cylindrical block with a
diameter of 10 mm and a height of 22 mm. Test block 2 was a
cylindrical block with an opening width of 3.2 mm, diameter of
21.3 mm, and length of 73 mm. Test block 1 was mainly used to
evaluate the performance of E2 and E3, and test block 2 was
mainly used to evaluate the performance of E1, E4, and E5. The
experimental setups are shown in Figure 6.

Three types of defects were introduced to evaluate the
detection performance of the ultrasonic transducer. The
defects were made by wire-electrode cutting and were located
at the leaf zone, transition zone, and thread zone of the split pin.
The depth of the three defects was 2 mm and the outer arc length
was 10 mm. The gap of the defect is 0.2 mm. The distribution of
the defects is shown in Figure 7.

RESULTS AND DISCUSSION

Impedance and Pulse Echo
The measured impedance of the compact transducer is shown in
Figure 8. All five elements had a nominal frequency of 5 MHz

when the impedance was 50Ω. The time domain and frequency
domain pulse echoes are shown in Figure 9. The ultrasonic
transducer was excited by an ultrasonic pulser and receiver
(DPR300) with a pulse energy of 170 μJ and a repetition rate
of 200 Hz. An acquisition card (NI PXIe-5260) was used for data
acquisition at a sampling frequency of 1.25 GHz. A fast Fourier
transform (FFT) was used to obtain the frequency spectrum of the
pulse-echo signal. The central frequencies of the five elements are
all located between 4 and 4.5 MHz. The two semicircular
elements (E4 and E5) have similar wave forms, and the peak-
to-peak amplitude is approximately 110 dB, which is the highest
among the five elements. This is because the elements E4 and E5
are larger than the other. The amplitude of the signals received
from elements E2 and E3 is approximately 50 dB, which is much
lower than that from the other elements. This is because the two
elements were used to emit shear waves. Acoustic attenuation
occurred during the mode conversion at the interface between the
PMMA wedge and the specimen when the ultrasound wave
propagated into the wedge.

FIGURE 6 | Transducer testing using the designed blocks.

FIGURE 7 | Transducer testing using the blocks with defects.
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FIGURE 8 | Impedance and phase spectra of ultrasonic transducer: (A) element 1; (B) element 2; (C) element 3; (D) element 4; and (E) element 5.

FIGURE 9 | Pulse-echo waveforms and frequency spectra of the transducer: (A) element 1; (B) element 2; (C) element 3; (D) element 4; (E) element 5.
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Defect Detection Results
The detection performance of the probe was tested with split pins
containing defects. The results show that the defects in the three
zones could be accurately detected. The defect 3 in the leaf zone
could be detected clearly, as shown in Figure 10A. The strong
echo signal after the notch signal was caused by the reflected
signal in the variable diameter area of the split pin transition zone.
The notch signal in the threaded area could also be clearly
detected by E1. The two signals with higher amplitudes seen
after the notch signal are the reflected signals formed by the
bottom surface of the split pin and the steps on the bottom
surface. These two signals can be used as structure signals to

characterize the performance of the transducer, as shown in
Figure 10B. For the detection of defects in the transition zone,
elements E2 and E3 were used for tandem ultrasonic inspection.
When a defect is encountered, the incident wave is reflected and
received by the receiving probe, and there is a defect echo
displayed at a fixed sound path position. This is because the
ultrasonic propagation sound path between the transmitting
element and the receiving element is fixed. The sound path
can be calculated by S � 2T/cos β, where T is the thickness of
the split pin leaf, and β is the refraction angle of the probe. As the
thickness of the split pin leaf was T � 8.7 mm, and the refraction
angle was β � 45°, the defect sound path was calculated to be

FIGURE 10 | Defect detection capability of transducer. (A) leaf zone; (B) thread zone; (C) transition zone.

FIGURE 11 | Robot with transducer for underwater inspection.
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approximately 24.5 mm, which is consistent with the notch signal
shown in Figure 10C. In summary, the test results on the split
pins with defects show that the compact multi-element ultrasonic
transducer could detect all the designed defects in different zones.

FIELD APPLICATION AND FUTURE
PROSPECTS

To assess the robustness of the compact transducer for field
applications, a mockup of the interior of the upper reactor
containing the control rod guide tube split pins was designed and
fabricated. An underwater robot was also developed to carry the
compactmulti-element ultrasonic transducer to the target inspection
area. The test was performed in a water-filled pool, as shown in
Figure 11. The compact transducer could perform inspection tasks
underwater for seven days without interruption. There are 32 split
pins fixed on the mockup, of which 16 split pins have 50 crack
defects in sensitive areas, and all defects can be detected using the
developed compact multi-element ultrasonic transducer. This ability
to work for long durations is highly advantageous for the inspection
of control rod guide tube split pins in third-generation advanced
pressurized water reactor (PWR) nuclear power plants in the future.

CONCLUSION

A compact five-element compact ultrasonic transducer was
designed and produced for the inspection of split pins in

control rod guide tubes in nuclear power plants. The
experimental results show that the central frequencies of all
five elements were controlled to be approximately 4–4.5 MHz.
The compact transducer can detect all the defects in the various
zones of the split pin with a defect length and height sensitivity of
10 mm length and 2 mm, respectively. The compact transducer
has been proven to be capable of sustained operation in an
underwater environment for seven days. This capability lays
the foundation for further implementation and applications in
nuclear power plants.
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