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Abstract: A new method of detecting the thickness of each layer of Cu/Al laminates based on laser
ultrasound was proposed for the online non-contact measurement of the thickness of each layer
of Cu/Al laminates during the rolling process. This method utilized a laser to excite and detect
ultrasounds remotely and then obtains the transit time of the longitudinal wave pulse in the copper
layer and aluminum layer to calculate their thicknesses. The finite element method was used for
investigating the propagation behavior of longitudinal wave in Cu/Al laminate, and the minimum
thickness of the copper layer that can be detected by this method was analyzed. The laser ultrasonic
experimental platform was set up in the laboratory, and a sample of Cu/Al laminate with step shape
was made. The experimental results demonstrate that the laser ultrasound can realize the non-contact
and high-precision detection of the thickness of each layer of Cu/Al laminates and has the potential
of online thickness measurement.
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1. Introduction

The Cu/Al laminate is a new composite material, with aluminum as the matrix and
copper as the cladding. Cu/Al laminates are used extensively in modern industries, such as
power, communication, aerospace, etc. [1-3]. Due to the uncertainty in the manufacturing
process, Cu/ Al laminates will inevitably have an uneven distribution of materials, which
will affect the stability of product quality. Therefore, it is urgent to accurately measure the
thickness of each layer online, so as to realize real-time monitoring of product quality and
optimize the rolling process.

Cu/Al laminate is a typical substrate-cladding structure, which is composed of sub-
strate and cladding. The common thickness measurement method for substrate cladding
structures is the destructive testing method, which includes metallographic analysis, me-
chanical gauging, and microscopic measurements [4]. The metallographic analysis method
is very accurate, but it needs to destroy the sample, which is a destructive detection method.
It can only detect the thickness of the coating on the section, but cannot detect the thickness
of the coating at each position of the sample. The non-destructive testing methods suitable
for thickness testing of substrate-cladding structure include ultrasonic [5-7], X-ray [8,9],
and eddy current [10-13]. X-ray can directly observe the detection results with high accu-
racy, but the X-ray method is costly and harmful to experimenters [14]. The eddy current
method of the thickness measurement requires that the substrate is a non-ferromagnetic
metal material and the cladding is a non-conductive material. The ultrasonic method is
less limited by the material to be measured and is widely used. It has become an important
research direction for the nondestructive measurement of coating thickness.
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In recent years, many academics have performed a great deal of research on the
measurement methods for coating thickness based on ultrasonic waves. The variation
of coating thickness changes the dispersion characteristics of surface waves. Schneider
et al. [15,16] characterized and evaluated the coating thickness by measuring the variation
of surface wave dispersion characteristics. Lakestain et al. [17] measured the thickness
of metal coatings using the surface wave method. Ostiguy et al. [18] used piezoelectric
probes to excite and detect guided waves in the SO mode in a substrate-coating structure
and characterized the coating thickness by measuring the variation of the group velocity of
the guided waves. Wu et al. [19] proposed a detection method for detecting the thickness
of adhesions on the plate surface based on the horizontal shear (SH) wave, which uses the
variation of the dispersion characteristics of the SH wave to characterize the thickness of
adhesions. Kanja et al. [20] proposed a method for measuring the thickness of surface films
based on superimposed ultrasonic standing waves. The ultrasonic reflection coefficient
phase spectrum [21] and amplitude spectrum [22] were used to measure the coating
thickness. Due to the movement of the Cu/Al laminate, the real-time online measurement
of the thickness of each layer of the Cu/Al laminate is a complicated problem. Although
the above methods can measure the thickness of the coating, it cannot realize real-time
online detection. Therefore, it is necessary to develop a new non-contact detection method
to measure the thickness of the cladding and substrate of the Cu/Al laminates at the same
time.

Laser ultrasonic has the characteristics of long-distance excitation and the detection
of ultrasound, making it suitable for non-contact dynamic detection in high-temperature
environments [23-25]. The thickness measurement methods using laser ultrasound have
been successfully used to measure the wall thickness of hot-rolled steel pipes online [26,27].
These methods use the time difference between two pulse echoes to calculate the thickness
of steel pipes, which is only suitable for the thickness measurement of a single material.
Due to the complex propagation behavior of ultrasonic waves in multilayer composite
materials, the above methods are not suitable for measuring the thickness of each layer of
multilayer composite materials.

In this paper, a novel thickness measurement method using laser ultrasound is pro-
posed, which can measure the thickness of the cladding and substrate simultaneously. The
propagation of laser ultrasound in Cu/Al laminates and the factors affecting the measure-
ment error are studied by the finite element method. The experimental results demonstrate
that the method we proposed can measure the thickness of each layer of Cu/Al laminates
with high precision and has the potential of online measurement.

2. Thickness Measurement Principles and Experiments
2.1. Propagation Model of Ultrasonic in Cu/Al Laminates

The pulse transmission method is utilized to measure the thickness of each layer. The
ultrasound is excited on the surface of the Al layer and detected on the surface of the Cu
layer. The ultrasound first propagates in the aluminum layer and then propagates into the
copper layer through the composite interface. As shown in Figure 1, the transmitted wave
is marked as Py, and the transmitted wave is reflected multiple times between the top and
bottom boundaries of the copper layer, marked as Py, P;, P3, etc. The thicknesses of the
aluminum layer and copper layer are marked as L and d, respectively. The velocities of the
longitudinal waves in Cu and Al are 4404.4 m/s and 6210.0 m/s respectively.

2.2. Numerical Simulation

In laser ultrasonic non-destructive testing, the thermos-elastic method is utilized to
excite ultrasonic waves. As the pulsed laser radiates the surface of the Cu/Al composites,
the material absorbs part of the laser energy, and instant thermal expansion produces elastic
waves. The excitation and propagation of the ultrasonic wave in the bimetallic composites
were analyzed by numerical calculation method.
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Figure 1. The ultrasonic propagation model of pulse transmission method.

Figure 2 shows the 2D axisymmetric finite element model. The ultrasonic wave is
excited on the Al side and detected on the Cu side. The cylindrical coordinate system is
established with the center position of the pulsed laser spot as the origin, the horizontal
direction as the r-axis, and the vertical direction as the z-axis. The detection laser beam
is perpendicular to the surface of the specimen, and the axis of the detection laser beam
should coincide with the z-axis. During thickness measurement, the axis of the detection
laser may not coincide with the z-axis. The distance between the axis of the detection laser
and the z-axis is marked as PRD. To explore the propagation process of the laser ultrasound
in Cu/Al laminates, the finite element models are established, with a radius of 20 mm,
in which the thickness of the Al layer is 2.5 mm and the thicknesses of the Cu layers are
0.06 mm, 0.08 mm, 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, and 0.5 mm respectively. The element
size of models with Cu layer thicknesses of 0.06 mm, 0.08 mm, and 0.1 mm is 2 um, and the
iteration time is 0.2 ns. The element size of models with Cu layer thicknesses of 0.2 mm,
0.3 mm, 0.4 mm, and 0.5 mm is 5 um, and the iteration time is 0.5 ns. Table 1 shows the
thermos-physical parameters of Cu and Al applied for numerical simulation. The laser
pulse is equivalent to the heat flux load applied to the surface of aluminum layer to excite
ultrasonic waves. The heat flux load Q can be described as [28,29].

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

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

1’2
£) = expl(—55) @
£(1) = - exp(—1) ®
0 0

where 0, = 0.33r¢, ¢ is the radius of the laser spot, and f is the pulse rise time.

Table 1. Material properties of Cu/Al laminate applied for numerical simulation.

Material Properties Cu Al

Thermal conductivity (W x m~! x K~1) 386.4 209
Density (g x cm—3) 8.96 2.71

Poisson’s ratio 0.326 0.33

Thermal expansion coefficient (107°K1) 17.2 23.6
Young’s modulus (GPa) 119 71.7

Heat capacity (J x kg~! x K1) 394 880
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Figure 2. The schematic diagram of 2D axisymmetric finite element model.

To ensure sufficient calculation accuracy, the iteration time and the element length
should be determined according to the following conditions [28]:

At <
= 180fmax

4)

A
L < min 5
<o ©)
where At is the integration time, fmax is the highest frequency of laser ultrasonic, L, is the
element length, and A, is the minimum wavelength of laser ultrasonic.

2.3. Experimental Setup and Thickness Calculation Method

Figure 3a shows the laser ultrasonic thickness measurement system. The pulse laser
with rise time of 8 ns, wavelength of 1064 nm, maximum repetition frequency of 20 Hz,
pulse energy range of 0-50 mJ, and spot diameter of 1 mm is used to excite ultrasound on
the surface of the aluminum layer. A two-wave mixing (TWM) interferometer is utilized to
collect ultrasonic signals on the copper surface. The spot diameter of the detection laser is
about 200 um. The excitation laser and the detection laser are perpendicular to the surface
of the specimen. The axes of the pulse laser beam and the detection laser beam coincide.
Different materials have great differences in laser absorptivity [30]. Appropriate pulse
laser energy and detection power are set based on the laser absorptivity of copper and
aluminum. The maximum sampling frequency of the data acquisition card (NI-PCI5114) is
250 MHz.

The timeline of the ultrasonic wave excited by pulsed laser in the Cu/Al laminate is
shown in Figure 3b. The controller of the pulsed laser sends a trigger signal and commands
to the data acquisition card and the pulsed laser synchronously. The pulsed laser emits a
laser after ATj,,, and the data acquisition card begins to collect data after AT,;. When
using experimental data to calculate the thickness of the aluminum layer, the AT needs
to be calibrated. The one-way times of the longitudinal wave pulse propagating in the
aluminum layer and copper layer are t 4; and t¢,, and the peak arrival times of Py and P4
are tg and t1, which satisfy the following equations:

to = AT +tcy +ta; 6)

tp = AT + 3tc, +ta )
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Figure 3. Experimental platform: (a) the schematic diagram of measurement system; (b) the system
delay sequence diagram.

According to Equations (6) and (7), the one-way time of ultrasonic propagating in the
copper layer and aluminum layer can be expressed as:

t1—t
tcy = S 5 0 (8)
3ty —t1 — 2AT
py = o0 2207 ©)

The calculation expressions for d and L can be described as:

g=t"l 5 fo ccn (10)
Lzsto—tlz—zAch, an

where Cf“ and c‘L‘” represent the velocity of longitudinal waves in copper and aluminum,
respectively.

2.4. Numerical Simulation

The experimental specimen, with step shape, is shown in Figure 4. A specific thickness
is milled on the Cu surface by milling to simulate the thickness variation of the Cu layer.
The length of the sample is 60 mm. The thicknesses of the positions I, II, and III are
2.982 mm, 2.732 mm, and 2.648 mm, respectively.
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Figure 4. The Cu/Al composites sample.

3. Results and Discussion
3.1. Influence of the Thickness of Copper Layer

The out-of-plane velocity curves of nodes with PRD = 0 in the models with copper layer
thickness of 0.2 mm, 0.3 mm, 0.4 mm, and 0.5 mm are extracted and normalized, as shown
in Figure 5. In Figure 5, Py represents the transmitted longitudinal wave, and P; and P,
represent the primary reflected longitudinal wave and the secondary reflected longitudinal
wave of the composite interface, respectively. S represents transmitted transverse wave,
and S; represents the transverse wave reflected by the Cu/Al interface. As the thickness of
the copper layer decreases, the peak arrival times of Py, P1, P2, Sp, and S; are advanced, and
the time advances show a linear change. As the echo count increases, the echo amplitude
decreases rapidly.

Normalized amplitude

0.5 1 1.5
Time(us)

Figure 5. The normalized out-of-plane velocity curves.

3.2. Influence of the PRD and Pulsed Laser Spot Radius

When the axis of the detection laser is not coincident with the z-axis (PRD # 0),
the propagation path of the ultrasonic wave changes, and the peak arrival time changes
accordingly. The spot radius of the pulse laser beam affects the acoustic field distribution
and the peak arrival time. In the model with a copper layer thickness of 0.5 mm, different
pulse laser spot radii are used, and the values of the spot radii are 0.5 mm, 1 mm, and
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Thickness of the Cu layer(mm)

0.505

0.5

0.495

0.49

0.485

0.48

0.475

0.47

1.5 mm, respectively. It can be seen from Figure 3b that, when the L is calculated by using
simulation data, the AT in Equation (11) must be replaced by At, as shown in Equation (12),
and At was determined to be 10 ns by simulation analysis.

_ 3ty — 24t

(12)

The peak arrival times of Py and P; of nodes with PRD values of 0 mm, 0.25 mm,
0.5 mm, 0.75 mm, 1 mm, 1.25 mm, and 1.5 mm are extracted and then substituted into
Equations (10) and (12) to calculate the thickness of the Cu layer and the Al layer. The
relationship between the calculated results of the thickness of each layer and PRD is shown
in Figure 6. With the increase of PRD, the calculated results of d show a decreasing trend,
while the calculated results of L show an increasing trend. When the PRD is constant, the
error between the calculated and actual values of the thickness of Cu and Al layers decrease
with the increase of the pulsed laser radius. According to the above analysis, when using
laser ultrasound to measure the thickness of Cu/Al laminates by transmission method, the
spot radius of the pulsed laser should be set to a larger value to reduce the impact of PRD
on the measurement results.

Thickness of the Al layer(mm)

0.5 1 1.5 0 0.5 1 1.5
PRD(mm) PRD(mm)

(a) (b)
Figure 6. The influence of PRD and radius of pulsed laser spot on calculated results: (a) Cu; (b) Al

3.3. Waveform Overlapping Analysis

In the traditional thickness measurement method based on the longitudinal wave,
when d < 2A (d is the thickness of the object being measured, A is the wavelength of
longitudinal wave), the longitudinal wave is aliased in the time domain, which makes
the peak time of each echo indistinguishable and limits the use of the method based on
longitudinal wave. In this section, the limit of measuring the minimum thickness of the
copper layer by longitudinal wave is studied by finite element analysis.

The waveform curves of nodes with PRD = 0 in the models with Cu layer thickness of
60 um, 80 um, and 100 um are extracted and normalized, as shown in Figure 7. When the
thickness of the Cu layer is 100 pm, the wave tail of Py begins to overlap with the wave
head of Py, that is, overlapping has occurred, but the peak and valley of each longitudinal
wave pulse can still be recognized. With the decrease of the thickness of the Cu layer, the
aliasing phenomenon is further aggravated, which makes it more difficult to identify the
peak and valley of each longitudinal wave pulse.
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Normalized amplitude
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400 450 500 550
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Figure 7. Waveform overlapping caused by thin copper layer.

The arrival time of Py and P in Figure 7 are extracted, and the thickness of the Cu layer
is calculated according to Equation (10). The results are shown in Table 2. As the thickness
of the Cu layer decreases, the relative error of the thickness of the Cu layer, calculated
according to the simulation data, increases gradually. The simulation results show that
the thickness of the Cu layer can also be measured under the condition of waveform
overlapping. In the application, a picosecond laser or femtosecond laser can be used to
excite higher-frequency ultrasonic waves to avoid aliasing and improve accuracy.

Table 2. The thickness of the copper layer calculated based on simulation data.

Copper Layer to (ns) # (ns) Calculated Absolute Relative
Thickness (um) 0 1 Thickness (um) Error (um) Error (%)
100 428.77 474.14 99.9138 —0.0862 0.0862
80 424.18 460.64 80.2922 0.2922 0.3653
60 419.68 447.06 60.2962 0.2962 0.4937

3.4. System Delay Calibration

The Cu/Al laminated plate in Figure 3a was replaced by an aluminum plate with a
thickness of 6 mm. The laser ultrasonic signal was excited and collected on the surface of
aluminum sample, as shown in Figure 8. The one-way propagation time of the P-wave
pulse in the direction of aluminum thickness is constant, so the system delay satisfies the

following equation:

To — AT = @ (13)

The peak arrival times Ty and T; of Py and P; are 1083.5 ns and 3070 ns, respectively.
Substituting Ty and T into Equation (13), we can determine that the system delay AT is
about 90 ns.
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Figure 8. The signal collected by the system time delay calibration experiment.

3.5. Experimental Results

The laser ultrasonic is excited and detected at the positions I, II, and III of the sample,
respectively. The experimental signal is de-noised by wavelet and then normalized. The
time domain waveforms of the three positions after signal processing are shown in Figure 9.
It is obvious that, with the decrease of the thickness of the Cu layer, the time difference
between Py and P; decreases gradually. The waveform is aliased at position III. The peak
arrival times of Py and P; are extracted, and the thicknesses of Cu layer and Al layer are
calculated according to Equations (10) and (11).

Normalized amplitude

Time(ps)

Figure 9. The signals collected by experiment.

Table 3 shows the experimental measurement results of each layer thickness. It is
obvious that the measured values are consistent with the real values, and the relative
errors of the thickness measuring system fluctuate between 1.48% and 2.17%. As the
thickness of the copper layer decreases, the aliasing phenomenon gradually occurs, and
the difficulty of the wave peak detection increases. The maximum sampling frequency of
the data acquisition card becomes an important factor limiting the improvement of the
detection accuracy. The experimental results show that the laser ultrasound can realize the



Coatings 2023, 13, 645 10 of 11

non-contact and high-precision measurement of the thickness of each layer of the Cu/Al
laminate and have the potential of an online thickness measurement.

Table 3. The experimental data and calculated results.

Position I II 11
ty (ns) 588.5 530.5 510.0
1 (ns) 786.0 610.5 552.5
d (mm) 0.4349 0.1762 0.0936
L (mm) 2.5028 2.5075 2.4966
d + L (mm) 2.9378 2.6837 2.5902
Sample thickness (mm) 2.982 2732 2.648
Absolute error (mm) 0.0442 0.0483 0.0575
Relative error (%) 1.48 1.77 2.17

4. Conclusions

A new method of measuring the thickness of each layer of the Cu/Al laminates
based on the laser ultrasound was proposed for online non-contact measurement during
the rolling process. The calculation formula of aluminum layer thickness is corrected by
using the system delay error of the detection system. The system delay of laser ultrasonic
detection system is about 90 ns through the calibration experiment. The influence of PRD
and pulsed laser spot radius on thickness measurement error was analyzed by the finite
element method, and it was found that a larger spot radius can reduce the influence of PRD
on thickness measurement error. The experimental results demonstrate that the proposed
thickness measurement method using laser ultrasonic can simultaneously measure the
thickness of each layer of the Cu/ Al laminate, and the measured values of the total thickness
are basically consistent with the true values. The thickness measurement method proposed
in this study can be used to measure the thickness of each layer of the Cu/Al laminates
in real-time and to optimize the production process, which is of great significance for
improving the quality of Cu/Al laminates.
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