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Abstract: Thin-walled tubes are a kind of pressure vessel formed by a stamping and drawing process,
which must withstand a great deal of sudden pressure during use. When microcrack defects of a
certain depth are present on its inner and outer surfaces, severe safety accidents may occur, such as
cracking and crushing. Therefore, it is necessary to carry out nondestructive testing of thin-walled
tubes in the production process to eliminate the potential safety hazards. To realize the rapid detection
of microcracks in thin-walled tubes, this study could be summarized as follows: (i) Because the
diameters of the thin-walled tubes were much larger than their thicknesses, Lamb wave characteristics
of plates with equal thicknesses were used to approximate the dispersion characteristics of thin-walled
tubes. (ii) To study the dispersion characteristics of Lamb waves in thin plates, the detection method
of the Ag mode was determined using the particle displacement-amplitude curve. (iii) Using a
multi-channel parallel detection method, rapid detection equipment for Lamb wave microcracks
in thin-walled tubes was developed. (iv) The filtering peak values for defect signal detection
with different depths showed that the defect detection peak values could reflect the defect depth
information. (v) According to the minimum defect standard of a 0.045-mm depth, 100,000 thin-walled
tubes were tested. The results showed that the missed detection rate was 0%, the reject rate was
0.3%, and the detection speed was 5.8 s/piece, which fully meets the actual detection requirements of
production lines. Therefore, this study not only solved the practical issues for the rapid detection
of microcracks in thin-walled tubes but also provided a reference for the application of ultrasonic
technology for the detection of other components.

Keywords: Lamb wave; microcracks testing; multi-channel detection; signal-to-noise ratio;
thin-walled tube

1. Introduction

1.1. Purpose and Significance

Thin-walled tubes are pressure vessels formed by stamping and drawing. In the production
process, due to errors in the processing parameters and faults in the production equipment, microcrack
defects form in the inner and outer walls of thin-walled tubes. However, thin-walled tubes must
withstand large sudden changes in pressure during use. When the depths of the microcracks on the
inner and outer surfaces are greater than a certain threshold, severe safety accidents can occur, such as
cracking and crushing. Therefore, it is necessary to carry out nondestructive testing of thin-walled
tubes in the production process to eliminate the potential safety hazards.

For the nondestructive testing of thin-walled tubes, the commonly used testing methods include
eddy current [1,2], magnetic powder [3], X-ray [4,5], liquid penetrant [6-8], and ultrasonic [9] methods.
With eddy current detection, it is difficult to distinguish irregular surface defects and detect them

Appl. Sci. 2019, 9, 3576; doi:10.3390/app9173576 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-6091-8652
http://dx.doi.org/10.3390/app9173576
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/9/17/3576?type=check_update&version=2

Appl. Sci. 2019, 9, 3576 20f15

quantitatively, which can easily lead to misjudgment [10]. Magnetic particle testing is more suitable for
surface defect detection, and it is difficult to quantitatively detect the depth of a flaw [10]. The X-ray
method is mainly used to detect the volume of the defect inside the object. For an area defect, there
will be an overlap of the front and back, and the angle between the ray beam and the orientation of the
crack cannot exceed 10°; otherwise, it cannot be detected [10]. Penetration detection is limited to the
defects of the surface opening. The penetrating liquid pollutes the parts and the environment and is
not suitable for on-line detection [10]. Ultrasonic testing is sensitive to the area of the defect inside the
object and can locate the relative size and location of the defect. The detection depth is much greater
than other detection methods, and thus, it has been widely used [10]. For thin-walled tubes, ultrasonic
Lamb waves are usually used for testing [11].

The ultrasonic detection principle of thin-walled tubes is the same as that of pipe, and there are
many studies on the principle, method, and application of Lamb wave detection of pipe for reference.
Therefore, based on the analysis of Lamb wave detection of pipe, the ultrasonic detection method
of thin-walled tubes was explored. Defect types in pipe include lamination [12], corrosion [13], and
cracking [14-16], which can occur on both inner and outer surfaces. The modes of Lamb waves in the
pipe are mainly divided into longitudinal [17,18], torsional [19-23], and flexural [24,25].

According to the relevant references, the following work must be completed to realize the Lamb
wave detection of pipe defects. (i) Based on analyzing and studying the dispersion characteristics
of Lamb waves, the transducer frequency and Lamb wave mode with the highest sensitivity to the
detected defect type should be selected. (ii) To study the interaction between defect and Lamb waves in
the pipe, simulation should be carried out under a three-dimensional (3D) model. (iii) A test platform
should be built to compare the difference between simulation and test results by scanning artificial
defects in the pipe with transducers. (iv) Signal processing is used to determine the location and size
of defects in the pipe. The difficulties in the detection process mainly focus on the two aspects: mode
selection and 3D model simulation. On the one hand, the dispersion characteristics of Lamb waves in
pipe have three modes to be analyzed and studied. Compared with only symmetric and antisymmetric
modes in a thin plate, the difficulty of modal analysis and selection is increased. On the other hand, a
3D model is needed to analyze the interaction between defects and Lamb waves in the pipe. Compared
with the 2D model of a thin plate, there are great challenges in terms of computational complexity.

When the diameters of hollow cylindrical components are much larger than their thicknesses,
the dispersion characteristics of Lamb waves in hollow cylindrical components can be approximated
by studying the characteristics of Lamb waves in plates with equal thicknesses [26-28]. He et al. [29]
found that when the diameter to thickness ratio of hollow cylindrical components is less than 0.05,
the dispersion curves of the hollow cylindrical components were similar to those of components with
the corresponding plate thicknesses. In this study, the diameters and thicknesses of the thin-walled
tubes were 35 mm and 0.8-1.2 mm, respectively. Selecting the Lamb-wave dispersion characteristics
of plates with equal thicknesses to approximate the propagation characteristics of Lamb waves in
thin-walled tubes could not only simplify the model but also facilitate the application of practical
engineering practice.

1.2. The State of the Art

1.2.1. Transducers for Lamb Waves

Qiu et al. [30] proposed a multi-physical simulation method for the Lamb wave propagation
of piezoelectric transducers under load conditions. The results showed that the phase velocity and
amplitude changes of Lamb waves obtained by simulation were in good agreement with experiment.
He et al. [31] designed two electromagnetic acoustic transducers to generate and receive Sp Lamb
waves in ferromagnetic steel plates, which were kept within 5 and 19 mm from the sample surface,
respectively. This allowed the electromagnetic acoustic transducer to interact with the sample with
less force and facilitated easier scanning. Zhang et al. [32] established the finite element model and
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detection system of laser ultrasound and realized the simulation and test detection of multilayer
bonded composite materials. The results showed that this method not only facilitated the visualization
of debonding but also provided accurate bonding quality information.

1.2.2. Lamb Mode

Gupta et al. [33] studied the interaction of a basic symmetric Lamb wave mode Sy with laminations
in eight layers of glass-fiber-reinforced polymer (GFRP) laminated composite by numerical simulation
and experimental verification. The results showed that the sensitivity of Sy mode reflection depended
on the thickness direction and layering direction of the composite laminate. Among all laminates
tested, the Sp mode was highly sensitive to DL23 and DL34 (Delamination is considered between the
layers 2&3 and 3&4 locations, which are abbreviated as DL12 and DL34, respectively. The thickness is
0.42-1.26 mm). Mori et al. [34] experimentally studied the transmission characteristics of Lamb wave S
and Ag modes at the contact edges of two plates. The results showed that the transmission coefficient of
the Sy mode increased monotonically with increasing contact pressure, but the transmission coefficient
of the Ay mode had a non-monotonic relationship with contact pressure and local minimum frequency.
Cho et al. [35] calculated the reflection and propagation coefficients of the selected guided wave
modes using simulation and compared the results with experimental data. The results showed
that defect characterization was possible if a suitable criterion for modal selection was established.
Ochoa et al. [36] used two zeroth-order Lamb wave modes to detect various types of invisible impact
damage in composite materials. Because the digital shearography and ultrasonic C-scan technology
could identify 5- and 10-] impact damage and the impact damage of 3-] could not be detected, the
results of the Lamb wave detection were confirmed by comparison.

1.2.3. Characteristics of Lamb Waves

Pant et al. [37] analyzed the influence of material properties, such as E1; (axial elastic modulus),
Ey (transversal elastic modulus), Gip (plane shear modulus), and p (density), on Lamb wave
propagation/dispersion of three kinds of composite laminates. These composite laminates are
unidirectional, cross-layered, and quasi-isotropic, which are all composed of 16 layers of unidirectional
carbon fiber epoxy prepreg. The results showed that when Lamb waves are used for damage detection,
the Ap mode should be selected when fd (frequency times thickness) is small, and the Sy mode should
be selected when fd is large. Shen et al. [38] proposed an effective numerical method with which
to study the nonlinear scattering and mode conversion of Lamb waves interacting with breathing
cracks. The results showed that the scattering phenomenon was related to the incident wave mode.
Symmetric and antisymmetric scattering modes exhibit alternate properties, which, in turn, carry most
of the energy and dominate the harmonic scattering. Ai et al. [39] used the finite element method
to study the propagation characteristics of Lamb waves in thin plates, and when compared with the
frequency dispersion curve, the error of the simulation was 1.3%. Senyurek et al. [40] studied the
notch and impact damage of slats, and the results showed that Lamb waves could provide time and
cost efficiency in aircraft structure detection compared with other technologies. The finite element
method was used by Alkassar et al. [41] to simulate the propagation of Lamb waves in a thin metal
plate. The results showed that when there was damage in the plate, a new packet-wave formed by a
mode conversion phenomenon could be observed.

1.2.4. Defects Identification Method

Yelve et al. [42] studied the interaction between the Lamb wave of the So mode and the damage in
an aluminum plate and used an artificial neural network (ANN) to locate the damage. The results
showed that the ANN was an effective tool for damage location in a plate structure. The local
wavenumber method of Lamb waves was used by Fan et al. [43] to characterize the flat bottom defects
in isotropic thin plates. The simulation and experimental results showed that the average wavenumber
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could be used to not only identify the shape, position, and size of the damage but also quantify the
depth of the damage.

1.3. The Contribution

In the development process of on-line Lamb wave detection equipment for microcracks in
thin-walled tubes, the following work items have been accomplished.

(i) The dispersion characteristics of Lamb waves in thin plates with the same thickness were used to
approximate the ultrasonic characteristics of thin-walled tubes, which reduced the dimensions of
the model and laid a foundation for the engineering application of Lamb waves.

(ii) Based on the calculation and simulation of phase velocity, incident angle, and particle amplitude
displacement, the Lamb wave mode with the highest sensitivity to the inner wall and outer wall
cracks of a thin-walled cylinder was determined.

(iii) Multi-channel technology was adopted to solve the problem of rapid detection and improve the
stability and reliability of the equipment.

(iv) The defect signal extraction circuit was designed, which greatly reduced the amount of data
acquired and improved the data processing speed.

(v) Rapid on-line detection equipment for microcracks in thin-walled tubes was developed, and the
engineering application of rapid detection of microcracks by Lamb wave was realized.

(vi) Qualitative and quantitative non-destructive testing of the minimum depth crack of 10 x 0.15 x
0.045 (length x width x depth) was realized.

2. Theoretical Principle

2.1. Testing Object and Artificial Defect

The structural sketch of a thin-walled tube is shown in Figure 1. Each tube was a steel pressure
vessel with a variable wall thickness formed by cold stamping and stretching. The wall thickness of
the mouth was 0.8 mm, the wall thickness near the bottom was 1.2 mm, and the inner diameter of the
mouth was 37 mm. The detection range was a thin-walled tube 255 mm away from the mouth.
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Figure 1. Structural sketch of a thin-walled tube.
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Because thin-walled tubes are stamped and stretched in the production process, the inner
and outer surfaces are prone to scratches with axial and circumferential distributions. In the actual
production process, it was determined by manual inspection that the main defects are axially distributed.
Therefore, to study the ultrasonic signal characteristics of these defects, groove defects with axial and
circumferential distributions were fabricated on the inner and outer surfaces of thin-walled tube samples.
Artificial defects were manufactured by the national measurement unit using electro-processing
technology and measured by an optical image method. The lengths and widths of the defects
were 10 + 0.1 mm and 0.15 + 0.01 mm, respectively. Three depths were used: 0.045 + 0.005 mm,
0.073 + 0.005 mm, and 0.10 + 0.005 mm, and the detailed information is shown in Table 1.

Table 1. Artificial defects of different depths.

Defect Types Defect Position (Away from the Mouth)/mm Defect Depth/mm
Inner circumferential distribution 40 0.045 + 0.005
Inner axial distribution 60 0.045 + 0.005
Outer axial distribution 50 0.045 + 0.005
Inner axial distribution 80 0.045 + 0.005
Outer axial distribution 60 0.073 + 0.005
Inner axial distribution 80 0.073 + 0.005
Outer axial distribution 60 0.10 + 0.005
Outer axial distribution 80 0.10 + 0.005

2.2. Dispersion Characteristics of Lamb Waves

In the process of Lamb wave flaw detection, different modes of the Lamb wave will be excited
when different incident angles are used, and thus, different sensitivities can be obtained for defects
at different locations. Therefore, theoretical analysis is needed to determine which mode is most
sensitive to the axial and circumferential distribution defects before testing. The Rayleigh-Lamb
frequency equation is used to describe the wave characteristics of Lamb waves [11]. They are expressed
mathematically as follows.

Symmetric mode:

d d
4pg tan iq + (p* - 1)2 tan i]a =0, 1)
‘p p
Antisymmetric mode:
d d
(r* - 1)2 tan 1q + 4pg tan ip =0, ()
Cp Cp

wherep = 4/ (E—Z )2 -1,q9= (E—Z)z —1, ¢ is the phase velocity of Lamb wave, ct is the S-wave velocity,
c, is the P-wave velocity, f is the frequency of Lamb wave, and d is the thickness of the plate.

In calculating the dispersion characteristics of the Lamb waves, the P-wave velocity c¢; and S-wave
velocity cr of the steel plate were 5970 and 3200 m/s, respectively. The Rayleigh-Lamb frequency
equation was solved numerically using Matlab, and the phase velocity ¢, vs. frequency-times-thickness
fd dispersion curves of the Lamb wave was obtained, as shown in Figure 2.

Because the wall thickness of the thin-walled tubes varied from 0.8 to 1.2 mm, when a 5 MHz
transducer was used for detection, the frequency-times-thickness was 4-6 MHz-mm, as shown by the
red dotted line in Figure 2. As shown in the figure, the possible modes of the Lamb wave included the
Ao, So, A1, 51, Az, and S» modes. Because the phase velocities of the Aj, S1, Az, and S, modes vary
greatly, the position of the defect echo signal is not fixed on the time axis, and it is difficult to identify
the defect signal. Therefore, only the Ay and Sy modes were considered in the detection process.
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Figure 2. Relationship between the phase velocity ¢, and frequency-times-thickness fd for Lamb waves
in a steel plate (the S-wave velocity was 5970 m/s, the P-wave velocity was 3200 m/s, and Poisson’s
ratio was 0.28).

2.3. Mode Selection

Through the dispersion curves of the Lamb waves, we determined that the optional modes were
Ap or So. However, how to distinguish between them required further study of the direction of particle
vibrations and the distributions of particle displacements for the Ayp and Sp modes in plates. The
particle displacement-amplitude curve of the Lamb waves reflects the variation and distribution of
Lamb wave energy in the plate, which is one of the main bases for mode selection. The in-plane and
out-of-plane displacement amplitudes of the particle vibrations are denoted as U and V/, respectively.
If the vertical distance between the particle and waveguide axis is x, their mathematical expressions
are as follows [44]:

Symmetric mode:

(k2 — %) sin(0.5sd)
2’ sin(0.5q’d)

Us = cos(q’x)B + s cos(sx)B, 3)
(k% — 5) sin(0.5sd)

V =
) 2k, sin(0.5¢’d)

sin(q'x)B + k; sin(sx)B, 4)
Antisymmetric mode:

U, — (k2—s2) cos(0.55d)
47 2¢’ cos(0.59’d)

where k, = 2%, s=kz+/ (5—5)2 -1,q0 =kz+ (2—’;)2 —1, and ¢, is the phase velocity of Lamb wave.

In the symmetric mode, the vibration of a particle in a plate is symmetrical in the center of the
plate, and its in-plane displacement is symmetric along the thickness of the plate, while the out-of-plane
displacement is antisymmetric. Under the antisymmetric mode, the vibration phase of the particle in
the plate is the same on the upper and lower surfaces, and the out-of-plane displacement is symmetric
along the thickness of the plate, while the in-plane displacement is antisymmetric along the thickness
of the plate. For the steel plate with 1-mm thickness, the particle displacement-amplitude curves of the
Ap and Sy modes are shown in Figure 3.

(k2—s2) cos(0.5sd)

sin(q’x)D —ssin(sx)D, V, = T cos(050d)

cos(q'x)D + k; cos(sx)D, (5)
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Figure 3. Particle displacement-amplitude curves of Ag and Sp modes in steel plate ((a) Ag mode;
(b) Sy mode).

In Figure 3, the dashed line is the in-plane displacement along the thickness direction; that is, the
vibration direction of the particle is parallel to the plate surface, while the real line is the out-of-plane
displacement, that is, the vibration direction of the particle is perpendicular to the plate surface. The
figure shows that the in-plane displacement of mode Sy had a larger component in the plate, which is
suitable for detecting the defects perpendicular to the plate surface, and the out-of-plane displacement
of mode Ap had a larger component in the plate, which is suitable for detecting defects on the inner
and outer surfaces of the plate. Therefore, the Ayp mode, which is sensitive to the surface defects of the

inner and outer walls of thin-walled tubes, was selected as the detection mode. This is consistent with
the conclusion of Ref. [37].

2.4. Calculation of Incident Angle

The method of water immersion was adopted in the detection process, so it was necessary to
calculate the incident angle of the Ay mode Lamb wave produced by the ultrasonic transducer when
the Lamb waves propagate from water into the steel. The mathematical formula is as follows:

. C
o= arcsm—L, (6)
‘p
where a is the incident angle, c; is the P-wave velocity in water, and c, is the phase velocity of Lamb
wave in steel. The relationship between the incident angle and frequency-times-thickness is shown in
Figure 4.
As shown in Figure 4, when the frequency-times-thickness was 4-6 MHz mm, the incident angle

of the mode A corresponded to 30.5-29.99°. In practical applications, 30° was chosen as the incident
angle to obtain the Ap mode of the Lamb waves.
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Figure 4. Relationship between the incident angle and frequency-times-thickness in steel (the P-wave

velocity in water was 1480 m/s).

3. Testing Equipment

3.1. Appearance and Core Components

As shown in Figure 5, the testing equipment was mainly composed of three parts: a Programmable
Logic Controller (PLC) control unit, a Personal Computer (PC) control unit, and a mechanical device.
The control unit of the PLC was mainly responsible for the motion control of the mechanical device
and communication with the PC through the RS232 serial module. The PC control unit mainly
included a multi-channel pulse transmitter/receiver, the extraction device of the detection signal
feature, the multi-channel data acquisition card, and the PC. The function of the multi-channel pulse
transmitter/receiver was to detect the object using an excitation pulse to trigger the ultrasonic transducer
and receive the detection signal from the detected object. The feature extraction device for the testing
signal mainly ensured that only the defect echo signal was extracted through the hardware gate to
reduce the amount of data acquisition and improve the speed of data processing. The mechanical
device mainly performed the mechanical actions of grasping, rotating, and moving the thin-walled
tube into place for testing.

Figure 5. Appearance of testing equipment (1. PLC control unit; 2. PC control unit; 3. mechanical device).
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The core components of the mechanical equipment are shown in Figure 6, which mainly include
the material-preparation container, the testing container, the ultrasonic transducer, and the built-in
manipulator. The material-preparation container was mainly used to place the thin-walled tube to be
inspected. By moving up and down, the thin-walled tube was conveyed to a position that the built-in
manipulator could grasp. There was an overflow outlet at the mouth of the testing container, which
was used to discharge the overflow amount of water as the thin-walled tube slowly sank into the testing
container. There was a water inlet at the bottom of the testing container, which was used to replace
water when the thin-walled tube was removed from the testing container after the detection to ensure
the coupling between the ultrasonic transducer and the thin-walled tube. A pair of ultrasonic probes
were installed on the side of the testing container to scan the axial and circumferential distribution
defects of the thin-walled tube. The movement of the testing container and the rotation of the built-in
manipulator carrying the thin-walled tube could cooperate, which allowed the spiral scanning of the
thin-walled tube by the ultrasonic probes. The built-in manipulator held the thin-walled tube from
the inside. Meanwhile, an airbag at the top of the built-in manipulator sealed the opening of the
thin-walled tube to prevent water from penetrating the thin-walled tube during the detection process.
The built-in manipulator moved back and forth along the guide rail to grasp, rotate, and move the
thin-walled tube into place.

Figure 6. Core components of testing equipment (1. material-preparation container; 2. testing container;
3. ultrasonic transducer; 4. built-in manipulator).

The detection process was as follows. Firstly, when all five material-preparation containers were
placed into the thin-walled tubes, the built-in manipulator moved backward to the central position of
the material-preparation container. When the material-preparation container rose to a certain position,
the built-in manipulator held the thin-walled tube from the inside and allowed the top airbag to
seal the opening of the thin-walled tube. The material-preparation container quickly dropped to the
original position. Secondly, the built-in manipulator carrying the thin-walled tube moved forward
to the center of the testing container and began to rotate at 320 rpm. The testing container quickly
rose to a certain position, and the PLC control unit notified the PC through the RS232 serial port
to begin the detection. The PC started the data acquisition card and the pulse transmitter/receiver,
and the testing container began to rise slowly and uniformly so that the ultrasonic transducer could
achieve full coverage spiral scanning of the thin-walled tube to be detected. Thirdly, after the detection,
the built-in manipulator stopped rotating, and the testing container quickly dropped to the original
position. The PC stopped the data acquisition and transferred the data processing results to the PLC
control unit through an RS232 serial port. Finally, the built-in manipulator continued to move forward
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and based on the data processing results, the thin-walled tube identified as the unqualified product
was placed on the conveyor belt of rejected product. Then, the built-in manipulator moved on, and the
remaining thin-walled tubes were placed on the conveyor belt of qualified product to complete the
detection process.

3.2. Multichannel Detection Method

Because the detection speed required 6 s/piece, there were three high-speed requirements for
single-piece detection: (i) the assistant time was zero; (ii) the rotational speed of thin-walled tube was
over 3000 rpm; (iii) the sampling frequency was over 100 MHz. These three requirements directly
affected the stability, reliability, and service life of the system, and the design risk was very high. If five
groups of 10-channel parallel structures were adopted, the detection time could be extended to 30 s
(18 s for a detection time, 12 s for auxiliary time; the rotational speed could be reduced to 300 rpm, and
the sampling frequency could be reduced to 100 kHz). Thus, not only was the impact of mechanical
transmission alleviated but also sufficient processing time was provided for data acquisition and defect
signal processing. The problem of detection time, which is difficult to solve, was transferred to a
multi-channel problem that was relatively easy to solve. Furthermore, this laid a foundation for the
stable and reliable design of the system.

4. Results and Analysis

In the detection process, the ultrasonic transducer was a point focus probe with a frequency of
2.5 MHz, a diameter of 12 mm, a focal length of 20 mm, and a focal spot of 2 mm. The diameter of the
thin-walled tube was 37 mm, the length of the detection area was 255 mm, and the rotation speed was
320 rpm. Thus, 0.1875 s was required for the tube to rotate once. Based on the single-channel sampling
frequency of 0.75 kHz, the number of points sampled during the rotation of the tube was calculated to
be 140. The total sampling length was 20,800 points. For the longitudinal defect with a 10-mm length
(i.e., the defect distributed along the axis), the theoretical detection period was 10/1.72 = 5.81 (where 10
is the length of longitudinal defect, in-unit of mm; 1.72 is the pitch; that is, the axial interval of the
helix formed by ultrasonic transducer scanning along the circumferential direction of the thin-walled
tube, in-unit of mm; 5.81 is the number of defect waves obtained by the ultrasonic transducer scanning
the longitudinal artificial defect with 10 mm length, in-unit of cycle). For the transverse defect with a
10-mm length (i.e., the defect distributed along the circumference), the theoretical detection period
was 12/1.72 = 6.98 (where 12 is the diameter of the transducer, in-unit of mm; the transverse defect is
distributed along the circumference of the thin-walled tube, and the transducer is also spiral-scanned
along the circumference of the thin-walled tube, so the number of cycles scanned by the transducer
for the transverse defect depends on the ratio of the diameter of the transducer to the pitch; 1.72 is
the pitch, in-unit of mm; 6.98 is the number of defect waves obtained by the ultrasonic transducer
scanning the transverse artificial defect with a 10-mm length, in-unit of cycle). The actual number of
defect detection cycles is shown in Figure 7a—-h. The number of transverse defect detection cycles was
seven, and the number of longitudinal defect detection cycles was 8-10. The actual detection period of
the longitudinal defect was larger than the theoretical value, while that of the transverse defect was
equal to the theoretical value. This was due to the different scanning and defect distribution directions.
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Figure 7. Signal with and without flaw ((a) Depth of inner transverse flaw was 0.045 mm; (b) Depth of
inner longitudinal flaw was 0.045 mm; (c) Depth of outer transverse flaw was 0.045 mm; (d) Depth of
outer longitudinal flaw was 0.045 mm; (e) Depth of inner longitudinal flaw was 0.073 mm; (f) Depth of
outer longitudinal flaw was 0.073 mm; (g) Depth of inner longitudinal flaw was 0.10 mm; (h) Depth of
outer longitudinal flaw was 0.10 mm; (i) Signal without flaw and with strong noise; (j) Signal without
flaw and with weak noise).

4.1. Analysis of Qualitative Detection

The signals of the ultrasonic testing with and without flaws are shown in Figure 7. For (a), (c) and
(b), (d) in Figure 7, the defects with same depth, same distribution direction, and different location,
from the amplitude observation for defect wave, seemed to indicate that (a), (c) and (b), (d) in Figure 7
overlap; in fact, they were ultrasonic echo signals of defects at different locations, but the difference
was very small. For (a), (b) and (c), (d) in Figure 7, the defects with the same depth, same location, and
different distribution directions, the difference between them was obvious. Among them, Figure 7a-h
showed the echo signals of defects with different depths, and Figure 7i,j showed the echo signal
without defects. Therefore, regardless of the signal’s periodicity or amplitude, the differences in the
echo signals, when flaws were present or absent, were very significant, which showed that the method
adopted in this study exhibited a good detection performance for qualitative detection.

4.2. Analysis of Quantitative Detection

To better analyze the quantitative relationship between the defect depth and signal amplitude, all
the defect signals were smoothed first to eliminate the influence of single-peak extrema. Second, the
peak values of the echo signals at different depths were extracted and plotted. Finally, the first and last
peaks of the echo signals with different depths were eliminated, and the mean of residual peaks in the
signals was calculated to make the mean curve approach the peak value of the defect signals as stably
as possible.

As shown in Figure 8, for longitudinal internal defects, when the defect depth increased from
0.045 to 0.073 mm, the echo signal peak value increased from 1.36 to 2.05 V. When the defect depth
increased from 0.073 to 0.10 mm, the echo signal peak value increased from 2.05 to 2.76 V. For the
longitudinal defect, when the defect depth increased from 0.045 to 0.073 mm, the peak value of the
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echo signal increased from 1.36 to 2.39 V. When the defect depth increased from 0.073 to 0.10 mm, the
peak value of the echo signal increased from 2.39 to 2.86 V.
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Figure 8. The peak of flaw signal with different depths ((a) The peak of inner flaw signal with different
depths; (b) The peak of outer flaw signal with different depths).

The results showed that the quantitative relationship of the internal longitudinal defects was
slightly better than that of external longitudinal defects. There was a linear quantitative relationship
between the depth of the longitudinal defect and the peak value of the detection signal. The depth of
the detected defect could be represented by the peak value of the defect detection signal.

5. Issues and Conclusions
5.1. Issues

5.1.1. Misjudgment

Based on the minimum defect standard of 10 x 0.15 x 0.045 (length x width X depth) (taking a
thin-walled tube with a 0.045-mm depth artificial defect as a standard test block, when the signal
amplitude of the Lamb wave for the defect in the detected thin-walled tube is greater than or equal
to the signal amplitude of the Lamb wave for the artificial defect in the standard test block, and the
signal periods of the Lamb wave for the defect is greater than or equal to the signal periods of Lamb
wave for the artificial defect in the standard test block, the tested thin-walled tube will be judged
as unqualified product. Otherwise, the tested product will be judged as a qualified product. The
missed detection rate is the ratio of unqualified products that are identified as qualified products to the
total detected quantity, while the reject rate is the ratio of unqualified products to the total detected
quantity), 100,000 thin-walled tubes were tested. The test results showed that the leakage rate was
0%, the rejection rate was 0.3%, and the average detection time of each product was 5.8 s, which fully
meets the actual application requirements of a production line. Owing to the airbag located at the top
of the built-in manipulator being cut, a small amount of water penetrated the thin-walled tubes during
detection, resulting in misjudgment. This problem was solved by modifying the sawing technology of
the mouth of the thin-walled tube.

5.1.2. Signal-to-Noise Ratio

To solve the problem of the rapid detection of thin-walled tubes, a multi-channel parallel detection
method was adopted. Owing to the differences in the components between channels, some channels
had high signal-to-noise ratios and no noise, as shown in Figure 7a—d,g,h. Other channels had echo
noise with small amplitudes, as shown in Figure 7e,f,i,j. In the follow-up equipment development
process, it is necessary to further optimize the design of related hardware circuits to further improve
the consistency of multi-channel detection signals.

5.2. Conclusions

In the development process of on-line Lamb wave detection equipment for microcracks in
thin-walled tubes, the following conclusions were drawn.
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(i) Based on the calculation and simulation of phase velocity, incident angle, and particle amplitude
displacement, the Lamb wave Ay mode with the highest sensitivity to the inner wall and outer
wall cracks of thin-walled tubes was determined. This is consistent with the results of Ref. [37].

(i) A defectsignal extraction circuit was designed, which greatly reduced the amount of data acquired
and improved the data processing speed.

(iii) Rapid on-line detection equipment for microcracks in thin-walled tubes was developed, and the
engineering application of rapid detection of microcracks by Lamb waves was realized.

(iv) For the 0.045-mm depth of the artificial defect, whether the inner wall, or outer wall of the
longitudinal defect, or the transverse defect, there was almost no difference in the shape and
amplitude of the defect waveform. However, for the inner wall of the longitudinal defect and the
transverse defect, or the outer wall of the longitudinal defect and the transverse defect, waveform
amplitude and contour had certain differences.

(v) For the artificial defects with depths of 0.073 and 0.10 mm, the longitudinal defects of the inner
and outer walls were quite different in terms of waveform profile and amplitude.

(vi) This study not only solved the practical issue of the rapid detection of microcracks in thin-walled
tubes but also provided a reference for the application of ultrasonic technology to detect
other components.
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