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An experiment on detecting an unbonded defect under the surface of a glass model using
Rayleigh waves was executed. A 1 MHz Rayleigh wave was propagated on the glass model,
and the vibration distribution on the material surface was probed by a laser beam. No
information of the defect was detected from the Rayleigh wave amplitude distribution. On the
other hand, the phase information of Rayleigh waves propagating on the material surface was
focused on and acquired. As a result, the measured phase change for the propagation distance x
(difference in phase slope) was detected in the unbonded defect area. In addition, finite element
method (FEM) analysis was performed under the same conditions as in the experiment to
verify the experimental results. A phase change was also observed on the unbonded defect, as
in the experiment. The possibility of this method as a new detection method for the effective
evaluation of unbonded defects in a material is described.

1. Introduction

In recent years, to improve the strength of a material, a layered structure is sometimes
formed. However, a problem with layered materials is that unbonded defects occur. If stress is
concentrated in unbonded areas, the strength of the material will decrease and the material may
break."™ The ultrasonic pulse method has been widely used as a nondestructive inspection
method for materials and structures.®” In this method, the probed surface has a finite size, and
it is often probed by an ultrasonic probe having a size much larger than the wavelength of an
ultrasonic wave and the size of a defect. Furthermore, the reflected signal from a small defect
is averaged on the probed surface. Thus, it may not be possible to detect minute defects.®”)
There is also a problem that the defect is very close to the ultrasonic probe, so the reflected
signal is masked by the signal transmitted from the ultrasonic transmitter.

In this paper, a method that can detect defects smaller than the wavelength of an ultrasonic
wave is established without using expensive or large-scale equipment. That is, the defect exists
on the subsurface of a material. In previous Works,(g’”) the evaluation of phase characteristics
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by the laser probe method® was studied. The system used, which employs laser beam light as
a probe, evaluates the phase modulation caused by the transmission of ultrasonic waves through

©.10) exist near the

a solid sample and passing through an area where residual stress and defects
surface of the sample. This system mainly consists of an ultrasonic transducer and a laser beam
light, and the optical sensor is a noncontact method in air. By using a laser beam with a small
spot diameter of about 20 pm, it is possible to measure a small area without being affected by
spatial averaging effects.®) Experiments using the laser probe method have shown that the
residual stress acting on a small area affects the phase characteristics of propagating ultrasonic
waves.®12)

Here, the author created a defect model for the detection of unbonded defects and evaluated
the phase change due to the defect model. To verify the experimental results, the finite
element method (FEM)(7’12) was employed under the same conditions as in the experiments.
On the basis of the above, the author created an unbonded defect to evaluate the phase change
characteristics by the laser probe method and examined them experimentally and by simulation
using the FEM.

In this paper, the possibility of detecting an unbonded defect using the phase information of
an ultrasonic wave has been focused on. It was found that the change in the phase characteristic
in the defect area can be detected, and thus ultrasonic evaluation is possible by combining
with an optical method. In the following, the effectiveness of this method will be clarified by
reporting experiments for the unbonded defect model and its simulation to clarify the mode

conversion between Rayleigh and A0 Lamb waves by FEM analysis.
2. Experiment on Phase Variation Using Laser Probe Method
2.1 Experimental system
Figure 1 shows the defect model including a delaminated area. Soda-lime glass plates of

50 mm x 100 mm % 10 mm and 50 mm x 100 mm x 2 mm, i.e., with two different thicknesses,
were adhered by 50-um-thick double-sided tape (Nitto Denko, LA50). An unbonded defect
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Fig. 1. (Color online) Two glass plates adhered with double-sided tape (50 um) having 10-mm-wide unbonded
area.
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model was created by providing a 10-mm-wide unbonded area (gray shaded area in Fig. 1)
between the two glass plates. The laser probe method® was used to detect this defect. A
piezoelectric ceramic transducer (Fuji Ceramics, M-6) with a resonance frequency of 1 MHz
was used. A 1 MHz Rayleigh wave was propagated on the glass sample surface via a high-
density polystyrene wedge with oblique incidence to the glass sample surface.

As shown in Fig. 2, the measurement started from the wedge tip as the origin (x = 0), and
data was acquired from x = 0 mm to around 30 mm with intervals of 0. mm. An evaluation
was performed using the data. The unbonded defect was from 10 to 20 mm from the origin as
indicated in Fig. 2. Twenty cycles of burst sine waves of 10 Vpp were repeatedly generated from
a function generator (Agilent, 33522B) with a 10 ms interval (100 Hz). This signal was input
to a bipolar amplifier (NF, HSA4101) to amplify the voltage up to 100 V. The spatial length of
the Rayleigh burst wave in this case was about 60 mm. A He-Ne laser beam with a diameter
of 20 um was irradiated from the direction perpendicular to the Rayleigh wave propagation
direction (x direction) on the glass sample surface onto the unbonded defect as shown in Fig.
2. The reflected laser light was received by an avalanche photodiode (APD) (Hamamatsu
Photonics: C5460) used as an optical sensor. Since the Rayleigh wave propagating on the glass
sample was affected by the roughness of its surface as well as by internal defects, including
unbonded defects, delamination, residual stress associated with defects, and cracks, the
irradiated laser beam was phase-modulated. In other words, the reflected laser light collected
the Rayleigh wave and the information of the defects, and the information was received by the
APD.®12 The signal obtained from the APD has information in the form of an ultrasonic time
waveform whose intensity is proportional to the sound pressure,(g) and this signal was input to
a vector signal analyzer (VSA) (Agilent, 89441A). The input signal was quadrature-detected
and the PC converted the time waveform data to the real and imaginary parts of the complex
time waveform. The wavelength 4 of the above Rayleigh wave of 1 MHz was 2.96 mm, and the
unbonded model was located within 2 mm from the surface, that is, the unbonded area was at a
“shallow” position with a depth of less than one wavelength.
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Fig. 2. (Color online) Experimental arrangement for observing microscale defect using laser probe method.
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2.2 Experimental results

Figure 3 shows the time waveforms obtained from the VSA, which are shown for each He-Ne
laser irradiation measurement position. In this x— contour diagram, the time ¢ and distance x
are plotted on the vertical and horizontal axes, respectively. Since a time delay occurs as the
Rayleigh wave propagates in the x direction, the part of the burst signal with a large amplitude (the
dark band in Fig. 3) is going up to the right direction. When there is reflection from the defect,
a component that goes to the upper left is observed in the negative direction of x. The reflected
wave, however, cannot be observed in the unbonded model as indicated in Fig. 3. The position
from x = 10 to 20 mm in this distribution (the gray shaded part in the figure) corresponds to the
unbonded defect area, but the reflected wave from the defect cannot be detected and the defect
cannot be detected from the amplitude information. To detect the unbonded defect from the
same time amplitude information by phase measurement, the change in the time amplitude of
the wave number spectrum in the x-direction was Fourier-transformed to Fig. 3. The results are
shown in Fig. 4. In the figure, since the Fourier transform is performed in the x direction, the
horizontal axis is converted to the wave number (1/4, 1: wavelength). The wave number spectra
of the Rayleigh and A0 Lamb waves almost overlap.

On the other hand, Fig. 3 was Fourier-transformed in the time ¢ direction, and the phase
component of the frequency spectrum and the propagation distance in the x direction were
processed. The experiment was performed at 1 MHz, and the phase changed periodically in
the range of (—n—+m) for each half wavelength (= 1.98 mm) owing to the phase characteristics of
tan_lz(-). Therefore, the phase spectrum unwrapping processm’lg)
phase of the ultrasonic wave was delayed by the distance propagation of the sound wave, the

was performed. Since the

phase spectrum became a straight line with a falling down to the right. In this experiment, the
unbonded defect was located from 10 to 20 mm, but the defect could not be detected from the
conventional amplitude of the wave number method as in Figs. 3 and 4.
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Fig. 3. (Color online) x—¢ distribution obtained by laser probe method.
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Fig. 4.  (Color online) kit distribution obtained by FFT processing of Fig. 3 in the x direction (the Rayleigh and A0
Lamb waves cannot be distinguished correctly).

For this reason, a regression line was obtained using all phase data (~300 points) obtained in the
experiment and evaluated from the result of the difference from the unwrapped phase spectrum
value (hereafter, the phase difference is defined as Ap). When there is no defect, this phase
difference Ap becomes 0, and Ap becomes a straight line parallel to the horizontal axis.

On the other hand, when there is a defect, Ap has a finite value and does not become 0 and
becomes a straight line. Figure 5 shows the results of data processing for the phase difference
Ag in the x direction. The slope is positive in the front and rear parts of the unbonded defect as
indicated by arrows in Fig. 5, but the slope clearly becomes negative in the unbonded defect area
(also indicated by an arrow). This area corresponds to the position of the unbonded defect and
suggests that the propagation velocity of the sound waves decreases.

3. FEM Simulation

3.1 Model of FEM simulation

To verify the validity of the results in Fig. 5, we conducted an analysis by FEM'? under
the same conditions as in the experiment. The two-dimensional model used in the simulation
is shown in Fig. 6. The parameters of the defect were set to those in Fig. 1, the Rayleigh wave
propagated from the left side of the glass sample, the stress data corresponding to the Rayleigh
and A0 Lamb wave components were acquired, and the phase difference Ap was obtained by
the same procedure as in the experiment.

3.2 Results of FEM simulation

The x—¢ distribution in Fig. 7 was obtained by the FEM analysis of the unbonded defect
model in Fig. 6 with the same data processing as in the experiment. Although a component
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Fig. 5. (Color online) Phase-distance characteristics plotting the difference between 1 MHz phase spectra
obtained using the laser probe method’s regression line.
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Fig. 6. (Color online) FEM model with unbonded defect.
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Fig. 7. (Color online) x—¢ distribution obtained by laser probing method.
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propagating in the x direction is recognized, as in Fig. 3, changes in amplitude and reflected
waves cannot be confirmed, and unbonded defects cannot be detected by conventional methods
such as the ultrasonic pulse method as in Fig. 3.

Furthermore, even in the k—¢ distribution focusing on the wave number shown in Fig. 8, it
is not possible to clearly distinguish the Rayleigh and A0 Lamb waves as in the experiment,
so it is not suitable for defect detection. On the other hand, when focusing on the phase, the
results shown in Fig. 9 were obtained, in which the phase characteristics markedly changed at
the defect. This result has the same tendency as the result shown in Fig. 5, and it is possible that
defects can be detected from the phase information Ap. Figure 10 shows the stress distribution
in the cross section of the glass sample obtained by FEM analysis. Initially, the Rayleigh wave
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Fig. 8.  (Color online) k—¢ distribution obtained by FFT processing of Fig. 7 in the x direction.
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Fig. 9. (Color online) Phase-distance characteristics obtained by plotting the difference between 1 MHz phase
spectra obtained using FEM’s regression line.
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Fig. 10. (Color) FEM analysis of mode conversion at peeling defect.

propagates before the defect area. After reaching the defect, the Rayleigh wave is converted
to an A0 Lamb mode wave. After the defect, the AO mode Lamb wave is reconverted to a
Rayleigh wave and propagates in the x direction. The phase difference Ag in the defect area is
considered to be due to the above mode conversion.

4. Discussion

In this paper, the phase change Ag of a sound wave propagating through a defect is targeted.
The Rayleigh wave generated from the piezoelectric transducer and propagating from the
glass sample via a polystyrene wedge with oblique incidence reaches the defect position and
propagates in the thin part of the glass sample (thickness 2 mm), which is an unbonded model
area of 50 um thickness. In this area, as shown in Fig. 10, the wave mode is converted from a
Rayleigh wave to an A0 Lamb wave. After passing through the defect, the A0 Lamb wave is
considered to be reconverted to a Rayleigh wave. In the experimental model, the Rayleigh wave
velocity of sound is 3080 m/s and that of the A0 Lamb wave is found to be 2680 m/s, and there
is a difference of 400 m/s between them. That is, it is considered that the phase rotation with
respect to the propagation distance is different because the propagation velocity of the A0 Lamb
wave decreases in the unbonded area and a phase difference Agp of the sound wave is assumed
to occur.'” The phase rotation becomes smaller at the defect, and the phase difference Agp
obtained by subtracting the regression line value from the phase spectrum value at the same x
position becomes a downward-sloping curve in the defect area as shown in Figs. 5 and 9. This
result is consistent with Ref. 19. From this result, focusing on the phase is more suitable than
focusing on amplitude information for detecting unbonded defects existing under the surface
of a material. The Lamb wave generated at a defect may have both SO and A0 modes, but
the spectrum of the SO mode is not seen in Figs. 4 and 8. This is considered to be due to the
structural asymmetry of the prepared glass sample in Figs. 2 and 6.

In Fig. 9, the region of negative slope is wider than that in Fig. 5. This is because the end of
the double-sided tape is not the same as the joint between other flat surfaces. Since the edge
part has a slightly weaker joint than the flat part, the negatively sloped region is wider in the
experimental result than in the FEM result.
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5. Conclusion

In this paper, mode conversion to an A0 Lamb wave generated by a Rayleigh wave passing
over an unbonded defect was evaluated by measuring the phase change. It was shown that it is
possible to detect an unbonded defect existing below a surface, which cannot be detected by a
conventional method of amplitude and wave number analysis.

The FEM analysis performed in this study did not consider the original residual stress in
the glass sample or the residual stress during processing. The residual stress is important in
determining the sound velocity; however, the distribution and its strength in the glass sample
used in the experiment are not known quantitatively. Moreover, the phase characteristics when
there is no residual stress and only defects are unclear. Also, in the experiment, the bonding
strength between the two pieces of glass and the uniformity could not be controlled, and it is
considered that there is a difference between the absolute value of the phase difference and the
analysis result.

In the future, I would like to examine to what depth this method can detect defects, as well
as the size and shape of defects that can be detected.
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