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Abstract: The effective detection of delamination defects, especially sub-millimeter delamination
defects, in metal-clad plates is of great significance in improving product quality. In this work, the laser
ultrasonic (LU) local resonance method is used to locate and characterize the sub-millimeter defects
in stainless/carbon steel-clad plates. The influence of the delamination radius on the amplitude and
resonant frequency of the laser ultrasound was investigated using 2D axisymmetric finite element
(FE) simulations. The simulation results show that both the amplitude and the first resonance
frequency (FRF) are effective features for detecting large-scale delamination defects, but the FRF
is a better feature for detecting tiny delamination defects. A 304/Q235/304-clad plate specimen
was made through a hot rolling bonding process, which contained a large number of self-forming
delamination defects. The laser ultrasonic signals of different composite states collected in the
experiment have good consistency with the simulated waveforms. The experimental results show
that the laser ultrasonic local resonance method is a high-resolution imaging method, which can
locate and characterize the sub-millimeter delamination defects in stainless/carbon steel-clad plates.

Keywords: metal-clad plate; delamination; nondestructive testing; laser ultrasonic; local resonance;
high-resolution imaging

1. Introduction

Metal-clad plates are mainly used in aerospace, marine equipment, the petrochemical
industry, machinery manufacturing and other fields due to their excellent comprehensive
mechanical properties. Among them, stainless/carbon steel-clad plates are the most widely
used product [1-5]. Generally, a stainless/carbon steel-clad plate takes carbon steel as
the matrix and stainless steel as the coating, which gives consideration to the beautiful
appearance and corrosion resistance of the stainless steel and the advantages of the high
strength of the carbon steel [6-9]. Due to the uncertainty in the production process and the
effect of the working load and the environment in the service process, the delamination
defects of stainless/carbon steel-clad plates are inevitable, which may eventually reduce
the life of the structure and even lead to safety accidents. Therefore, to ensure the reliability
of metal-clad plates during the service period, it is of great significance to develop a
nondestructive testing (NDT) approach to detect delamination defects [10].

At present, a variety of NDT technologies have been applied to the quality evaluation
of multilayer composites, including X-ray [11,12], eddy current [13,14], ultrasonic [15,16],
infrared thermal imaging [17,18] and other technologies. The principle of the X-ray defect
detection method is based on the attenuation of X-rays by materials. The X-ray method
is sensitive to bulk defects, but not to delamination defects. In some of the literature,
Teflon with a certain thickness is often used to simulate delamination defects. This type of
artificial defect is essentially a bulk defect and can be detected using X-ray technology [19].
However, for real delamination defects, the X-ray method is not satisfactory. To this end, the
ultrasonic method is one of the most commonly used methods. However, the conventional
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ultrasonic testing method needs a coupling agent and belongs to offline detection, so it
cannot be applied to the online detection of metal-clad plates in the process of roll cladding,
in which the stainless/carbon steel-clad plate moves at a high speed and the ambient
temperature is very high.

The LU technology has the advantages of non-contact and has no need for a coupling
agent, which can meet the requirements of in situ online detection in high-temperature
environments [20-23]. In recent years, some scholars have applied this technology to
the debonding detection of multilayer composites. Zhang et al. [24] and Sun et al. [25]
systematically studied the defect detection method based on LU for the debonding problem
of multilayer bonded structures and proposed the quantitative characterization methods of
defect size. Shin et al. [26] used the LU pulse-echo method to detect the debonding defects
of cylindrical CFRP structures. Gao et al. [27] proposed an algorithm of multi-frequency
localized wave energy based on an LU Lamb wave to identify hidden delamination in
multilayered structures. The amplitude characteristics of LU waves in different modes
were explored for delamination detection in different metal-clad plates [10,28,29]. Previous
research mainly analyzed the time-domain waveform and used the amplitude, time and
phase of ultrasonic waves to detect and evaluate the defects. Since these parameters are
directly extracted from the signal, the detection results are greatly affected by noise.

The ultrasonic resonance method, which uses the amplitude or deviation of signal
resonance frequency to characterize structural damage and defects, has the characteristics
of anti-interference and high sensitivity, and has great advantages in structural damage
detection [30]. Under the action of external excitation, the defect will vibrate at its own
natural frequency, resulting in local resonance near the defect. Sarens et al. [31] studied the
resonance characteristics of delamination defects in composites by numerical simulation,
and the correctness of the simulation analysis was verified via laser Doppler vibrometry.
The experimental and simulation results show that there is asymmetric motion above
the layered interface; in addition, the local vibration induces rich harmonics due to the
clapping effect. Solodov et al. [32-35] proposed the use of the thermal effect caused by local
defect resonance (LDR) to detect and visualize the flat-bottomed holes, delamination and
debonding defects of various structures. The results show that the local resonance of the
defect causes the temperature of the defect area to rise, and even the low-order resonance
thermosonic mode can display the outline of the defect. Hettler et al. [36] proposed a
method of automatically detecting resonance frequencies using the signals measured using
laser Doppler vibrometry and verified it on an aluminum plate with a flat-bottom hole.
The experimental data show that the LDR method is effective, and the relative error in
aluminum plates is less than 2%. Rus et al. [37,38] proposed the local ultrasonic resonance
spectroscopy (LURS) method to detect defects in CFRP material and measure its thickness,
and the standard deviations of thickness measurements can reach several microns. Segers
et al. [39] proposed the concept of in-plane LDR and verified it on laminated glass panels
and CFRP plates with different defect types. It was found that in-plane LDR was more
sensitive to surface-breaking cracks. The above research proved the effectiveness of the
local resonance method in detecting structural defects.

In this paper, the numerical 2D axisymmetric FE models were established to study the
influence of interface delamination defects on the amplitude and resonance frequency of
LU waves. An experimental sample was made by a hot rolling bonding process, which
contained multiple self-forming delamination defects. The interaction of a pulsed laser-
excited Lamb wave with delamination defects in stainless/carbon steel-clad plates was
thoroughly analyzed, using a two-wave mixing interferometer (TWM). The laser ultrasonic
signals collected in the experiment have good consistency with the simulated waveforms.
Finally, the C-scan imaging of the sample was performed with the amplitude and the FRF,
respectively, and the results proved that the FRF has a better detection effect.
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2. Materials and Methods
2.1. Numerical Simulation

To analyze the law of local ultrasonic resonance in stainless/carbon steel-clad plates, the
2D axisymmetric numerical models were established using the coupled thermo-mechanical
analysis module of the FE software ABAQUS 2020, as shown in Figure 1. The FE models
have three layers, the top and bottom layers are of 304 stainless steel with a thickness of
0.075 mm, and the intermediate matrix is of Q235 carbon steel with a thickness of 0.6 mm.
The radius of the models is 20 mm. Table 1 shows the thermos-physical parameters of
Q235 and 304 stainless steel applied for the FE simulation. The interface delamination
defect was simulated by a rectangular cavity with a height of 5 um. The radius of interface
delamination defects was marked as r;. The laser pulse was equivalent to the heat flux
load with the heat diffusion equation, Equation (1), applied to the surface of the models.
The equivalent heat flux was set to 5 MW /cm?. In the FE models, the diameter of the laser
beam is 1 mm, the mesh size is 5 um, and the iteration time is 0.5 ns. The total simulation
time is 20 ps. The heat flux Q can be described as [10,24,25]

Q=I(1-R)f(r)g(t) (1)

where Ij is the power density of the laser pulse, R is the reflectivity of the pulsed laser on
the surface of 304 stainless steel and f () and g(t) are the spatial and temporal distributions
of pulsed laser energy, respectively. f(r) and g(t) are given by

(1) = exp- <2> o

_ )\ ?
g(t) = exp —( 2) 3)

where 7y is the radius of the laser spot in the simulation model, £y is the pulse duration and
7T is the pulse rise time.
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Figure 1. The schematic diagram of the stainless/carbon steel-clad plate. (a) Defect-free model.
(b) Model with delamination defect.

Table 1. The thermos-physical parameters used in numerical simulation.

Material Properties Q235 304

Thermal conductivity (W x m~1 x K~1) 80.3 16.3
Density (g x cm™3) 7.86 7.93

Poisson’s ratio 0.3 0.3

Thermal expansion coefficient (1076 K1) 10.6 17.2
Young’s modulus (GPa) 210 200

Heat capacity (J x kg=! x K71 465 500
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To ensure sufficient calculation accuracy, the iteration time (At) of the numerical
simulation model is determined according to Equation (4), and the element size (L.) is
determined according to Equation (5) [10].

1
At < ——— 4
- 180fmax ( )
Aos
L < min
. <o ©)

where f 4y is the highest frequency of the ultrasound and A, is the shortest wavelength
of the ultrasound.

2.2. Specimen with Self-Forming Delamination Defect

As shown in Figure 2, the 304/Q235/304-clad plate specimen was made via hot roll
bonding, in which the rolling force was 14,510 kN, the rolling temperature was 350 °C and
the roughness of the 304 and Q235 plates before rolling was 4.2 um. The thicknesses of Q235
and 304 stainless steels before hot roll bonding were 3 mm and 1 mm, respectively. The
reduction rate was 85%. The surfaces to be compounded were polished with an abrasive
belt before hot roll bonding to remove oxides and dirt. A stainless/carbon steel-clad plate
specimen with a size of 50 mm x 50 mm was made with wire cutting, in which the thickness
of the carbon steel matrix was 0.6 mm, and the thickness of the 304 cladding on the top and
bottom surfaces was 0.075 mm. Due to the difference in physical parameters between Q235
and 304 stainless steel, especially the elongation and thermal expansion coefficient, there is
a great residual stress at the interface of the laminated plate after hot roll bonding, which
is one of the main factors causing delamination defects in the metal laminated plate. The
interface residual stress can be adjusted by optimizing the process parameters in the hot
roll bonding process. Heat treatment is usually used to reduce the interfacial residual stress
for the metal laminated plates after hot roll bonding. The sample was not annealed and
had multiple self-forming delamination defects. Taking the rolling direction as the x-axis
and the width direction as the y-axis, a Cartesian coordinate system for C-scan detection
was established. Taking this coordinate system as the absolute coordinate, the sample was
detected via C-scan.

X
TR "u WMWMW||q|||||\||l|||||u
"1 2 3 4 U
S

Figure 2. Specimen of stainless/carbon steel-clad plate.

2.3. Experimental Setup

Figure 3 shows the LU system in this study. This system mainly includes a fiber pulse
laser as the excitation source of the ultrasonic waves, a TWM interferometer for detecting
ultrasonic waves, a high-speed data acquisition card, a two-dimensional plane precision
displacement platform and a computer. The pulse laser (Ultra 50, Quantel, France) with a
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pulse duration of 8 ns, a wavelength of 1064 nm, a maximum repetition frequency of 20 Hz
and a pulse energy range of 0-50 mJ] was focused onto the specimen to excite ultrasonic
waves. The TWM interferometer (Intelligent Optical Systems Inc., Torrance, CA, USA,
AIR-1550-TWM) with a wavelength of 1550 nm, power of 0-2 W and spectrum range of
50 kHz-125 MHz was used to detect the ultrasonic signals. After precise adjustments, the
excitation light and detection light were focused on the surface of the sample, and the two
focal points were coincident.

Output Signal
Nd:YAG TWM

NIPCI-5114 - Pulsed laser Interferometer

Synchronizing

Fiber Fiber
y
Computer Excitation Detection
Probe Probe

Sample

A

/

X

System

Y

Motion Control |_)
N

2D motion stage

Figure 3. A diagram of the LU system.

3. Results and Discussion
3.1. Analysis of Waveform and Frequency

The delamination defects with different sizes were simulated and analyzed. A Fourier
transform of the out-of-plane displacement curve extracted at the center of the thermos-
elastic region was carried out to explore the influence of delamination defects on resonance
mode. The discrete wavelet transform (DWT, coif2, levels = 11, universal, soft threshold)
was used to reduce the low-frequency trend caused by thermal expansion in the waveform,
as shown in Figure 4. It is obvious that with the increase in the delamination radius,
the out-of-plane displacement increases gradually, and exhibits a significant periodic
resonance phenomenon.

30 T 120
re= 0.0 mm re= 0.4 mm
. — — - 1=0.1 mm — — - 1&~=0.5mm
200 re=0.2 mm

S

Displacement (nm)

Time (us)

(a)

20

0.3 mm. (b) 0.4 mm, 0.5 mm, 0.6 mm and 1 mm.

Displacement (nm)

Time (ps)
(b)

Figure 4. Out-of-plane displacement corresponding to different ;. (a) 0 mm, 0.1 mm, 0.2 mm and
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Figure 5 shows the frequency spectrum of the waveform in the defect-free model. It
is obvious that there are two zero-group velocity (ZGV) resonance modes of the Lamb
wave [40,41]; the ZGV resonance frequencies of S| mode and A3 mode are 3.74 MHz and
6.35 MHz, respectively. Figure 6 shows the influence of the delamination size on the
frequency spectrum. It can be seen that the delamination size has a significant effect on
the resonance frequency. The existence of delamination defects in the stainless/carbon
steel-clad plate leads to the reduction of local stiffness and the change in its local resonance
frequency, which can be regarded as the characteristic frequency of delamination defects.
When the pulse laser excites the ultrasonic energy at the delamination defect, the ultrasonic
energy is confined at the delamination defect, which makes the vibration amplitude near
the delamination defect significantly enhanced. With the increase in the delamination
radius, the number of resonant modes increases, and the resonant frequency of each mode
decreases. Among all resonance modes, the lowest mode has the largest energy.

—-180

=200

-220

Amplitude(A.U)

=240

-260

-280

Frequency (MHz)

Figure 5. Frequency spectra of displacement responses measured at the defect-free model.
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Figure 6. Frequency spectra of displacement responses corresponding to different r;. (a) 0 mm,
0.1 mm, 0.2 mm and 0.3 mm. (b) 0.4 mm, 0.5 mm, 0.6 mm and 1 mm.

3.2. Quantitative Evaluation of Delamination Sizes

The definition of FRF is the first resonance frequency (that is, the minimum resonance
frequency) in the signal. The FRF has the largest energy and the strongest anti-interference
ability. Therefore, the FRF is selected as the characteristic parameter for detecting delam-
ination defects. The FRF of the simulation waveform is extracted, and the relationship
between the FRF and the delamination radius is shown by the red dotted line in Figure 7.
It is clear that when the delamination radius is less than 0.15 mm, the FRF is the resonance
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frequency of S;-mode ZGV resonance in the defect-free model, and delamination defects
have almost no effect on the FRF, indicating that the FRF is insensitive to delamination
defects with a radius of less than 0.15 mm. When the delamination radius is greater than
0.15 mm, the FRF decreases rapidly with the increase in the delamination radius. When the
delamination radius is larger than 1 mm, the decreasing trend of the FRF becomes slower.

10
1L
—l— FE results 10 —— FE results
10! Analytic result Analytic result
: 5
2 2
}_>)~. 100 ? o
% ﬂé 10°F
8 g
= 0! -
107 107!
0 1 2 3 4 5 0 02 04 06 08 1
1 (mm) g (mm)
(a) (b)

Figure 7. The relationship between FRF and r,. (a) The value range of r; is 0 to 5 mm. (b) Partial
enlargement.

For a well-developed (detached) circular delamination defect, it can be simplified as a
flexural resonance of a plate with thickness h and fixed boundary support. The simplified
expression of its FRF f can be approximated as [32,33]

1.6h E
for 742 \/ 12p(1 — v?) (6)

where E is Young’s modulus, v is Poisson’s ratio and p is the density of the material.

According to Equation (6), the FRFs f( corresponding to different r; are calculated, and
Figure 7 shows the results (solid blue line). Comparing the FE results with the analytical
results, it is evident that with the decrease in 7, the error between the two results gradually
increases, which indicates that Equation (6) is only applicable when & is much smaller than
4 [33]. The analytical formula, expressed in Equation (6), can only provide a very rough
estimate of local resonance frequency, while the FE method can provide a more accurate
prediction of local resonance frequency. The FE results in Figure 7 are fitted to obtain the
estimation formula for the radius of the delamination defects. The fitting curve is shown in
Figure 8. The fitting formula is Equation (7), and the R-square is 0.9999. The quantitative
method of delamination defects is proposed based on the simulation results of circular
delamination defects, so this method is only suitable for the quantitative evaluation of
delamination defects that are approximately circular, and not suitable for delamination
defects with irregular shapes.

rq = 0.4901 £, %% — 0.1157 7)

where f is the first resonance frequency and the value range of fy is 0.007 MHz < f,
<3.70 MHz.
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Figure 8. Fitting curve of the minimum resonance frequency and r;.

3.3. Experimental Signal Analysis

The stainless/carbon steel sample was tested using laser ultrasound. Figure 9a shows
the experimental signals collected at three different positions of the specimen; the black
curve represents the data collected at the well-compounded area and the other two curves
are the data collected at the area with interface delamination. The amplitudes of the
experimental signals in the defect region are evidently greater than those in the normal
region, and they also have a clear periodic resonance. The frequency spectra of experimental
signals in Figure 9a are shown in Figure 9b. Figure 9b shows that the ZGV resonance
frequency of S; mode is 3.7 MHz from the signal without defects, which is consistent with
the simulation results in Figure 5. The first resonance frequencies of the signals collected
in the two delamination areas are 150 kHz and 850 kHz. According to Equation (7), the
size of delamination defects can be estimated approximately. However, the shape of the
real delamination defect is complex and cannot be a perfect circle. Therefore, it is difficult
to accurately calculate the size of the delamination defect according to the local resonance
frequency of the defect.

10
1 4'150kHZ 3.7MHz
| 850kHz )
1
5 1 L
2 087 I — — — -No defect :|
2 = | :| ——— defect 1 i
E E o6 i defect 2 !
% 2 | it |
E S h
S =S L . |
S 0.4H I 650kHz
s E & !
No defect 0.2 ! : : |
defect 1 ’ il
-10 _ T defeat2 o li: N N Lo 2N e 1 A
0 5 10 15 20 0 1 2 3 4 5
Time (ps) Frequency (MHz)
(a) (b)

Figure 9. The experimental signals and their spectra. (a) Time-domain signals of three regions.
(b) Frequency spectra.

3.4. C-Scan Results

A C-scan was performed on one side of the specimen. The detection point coincided
with the excitation point to ensure that the signal in the central region of the excitation
point was collected. The spot diameter of the pulse laser was 1 mm, and the ultrasonic
wave was excited with a thermos-elastic mechanism. The spot diameter was about 200 pm
and the scanning step was 0.5 mm. The pulse-repetition frequency was 20 Hz. Signal
denoising is a key technical problem to be solved in laser ultrasonic testing. The detection
power of some laser ultrasonic detection systems is relatively small and cannot be adjusted,
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and signal processing methods such as wavelet denoising and time-domain average are
usually used to improve the signal-to-noise ratio. The power of the detection laser used
in this paper is adjustable between 0 and 2 W, and increasing the power of the detection
laser can significantly improve the signal-to-noise ratio. In addition, the time-domain
average method was adopted to further improve the signal-to-noise ratio. To ensure that
the experimental signal has a high signal-to-noise ratio, the detection laser power was set
to 1 W, and the time-domain average times were set to 32. The sandpaper was used to
polish the surface of the sample to improve the reflectivity of the detected light, which can
also improve the signal-to-noise ratio.

The maximum amplitude and the FRF of the experimental signals were extracted
for C-scan images, as shown in Figure 10. Figure 10a shows that several large-area de-
lamination defects can be detected using the amplitude feature, but it is difficult to detect
tiny delamination defects. The amplitude feature is easily affected by the cleanliness of
the surface of the specimen, adding uncertainty to the reliability of the detection results.
As can be seen from Figure 10b, the C-scan image obtained with the FRF not only gives
several large-area delamination defects but also gives the contours, relative positions and
feature sizes of the delamination defects. In addition, the LU local resonance method has
higher spatial resolution and can distinguish many tiny delamination defects that cannot
be detected using the amplitude feature.

50

40

=30 =~ = 8
H T E =}
-z % 2 2
o i < 21
320 3 S &
2 E
10
0 " o "
0 10 20 30 40 0 10 20 30 40
X-axis (mm) x-axis (mm)
(a (b)

Figure 10. C-scan images of the specimen. (a) Imaging result based on the amplitude of the signals.
(b) Imaging results based on the FRF of the signals.

During the experiment, the amplitude of the signal is influenced by many factors,
such as the different light reflectivity of different positions of the sample, the interference
of environmental vibration and the scanning plane of the probe not being parallel to
the surface of the sample. These factors lead to the poor robustness and repeatability
of amplitude characteristics. Especially when detecting tiny delamination defects, the
possibility of missed detections is greatly increased. Although the above factors will lead
to a change in signal amplitude, the frequency characteristics of the signal are basically
unaffected. Therefore, the frequency feature has a better anti-interference ability than the
amplitude feature.

3.5. Quantitative Characterization of Delamination Defects

As shown in Figure 10b, six tiny delamination defects which are approximately circular
are selected and marked as #1, #2, #3, #4, #5 and #6, respectively. The minimum resonance
frequencies of these six defects are extracted to estimate the delamination size. Assuming
that the shape of these defects is circular, the minimum resonance frequencies of the
six positions are substituted into Equation (7) to obtain the radius values, as shown in
Table 2. The estimation results show that sub-millimeter delamination defects can be
effectively detected.
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Table 2. The estimated value of the defect radius.
Parameter #1 #2 #3 #4 #5 #6
Minimum resonance frequency —; 0.85 1.50 1.00 0.65 1.10
(MHz)
Defect radius r; (mm) 0.7639 0.4135 0.2890 0.3744 0.4850 0.3528

Generally, the scanning step size has a great influence on the quantitative analysis of
defects. The detection efficiency also depends on the scanning step size. If the scanning
step size is large, the efficiency is high, but it is easy to miss tiny defects. If the scanning
step size is too small, the spatial resolution is high, but the efficiency is too low. Therefore,
the scanning step should be set reasonably according to the actual demand. However,
the defect quantification method proposed in this paper is less affected by the scanning
step size. The essence of this quantitative characterization method is the unique mapping
relationship between the flat-bottomed circular hole structure and its lowest resonant
frequency, which is almost unaffected by the scanning step size.

4. Conclusions

In this work, the LU local resonance and its interaction with local delamination in
stainless/carbon steel-clad plates have been investigated using numerical simulations
and experiments. The LU local resonance method has been demonstrated to be effective
and reliable for detecting local tiny delamination defects in stainless/carbon steel-clad
plates. Furthermore, the influence of the delamination radius has been investigated in
the time domain and the frequency domain given the complicated mechanisms at play
when LU waves interact with the delamination. The numerical analysis results show that
both the amplitude feature and the FRF of the time-domain signals are effective features
in characterizing delamination defects, and the FRF has a greater advantage than the
amplitude feature in characterizing tiny delamination defects in stainless/carbon steel-clad
plates. The C-scan results show that only several large-area delamination defects lacking
contour details can be detected using the amplitude feature. The frequency feature not only
gives details such as the contour and feature size of large-area delamination defects but
can also detect many tiny delamination defects that cannot be detected using amplitude
features. The quantitative results of delamination defect size show that sub-millimeter
defects can be effectively detected. With the merits of the local resonance method, the LU
technique can be implemented for inspecting multilayer clad plates with tiny delamination
defects in practical applications. The method proposed in this paper can be improved.
For example, the optimal excitation radius and pulse duration of the pulsed laser can be
determined to maximize the amplitude of FRFE.
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