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 A drilled hole with a diameter of less than or equal to the wavelength of a surface acoustic 
wave on the subsurface of an aluminum plate is detected by laser probing.  The holes that could 
not be detected by a conventional method are detected from the phase change of the Rayleigh 
wave included in the reflected laser light.  Experiments involving 5 MHz Rayleigh waves 
propagating along the surface of an aluminum plate are performed by laser probing.  Finite 
element method (FEM) analysis reveals mode conversion from a Rayleigh wave to an A0 mode 
Lamb wave between the drilled hole and the material surface.  The phase change at the edge 
of the drilled hole that causes the difference in sound velocity between the Rayleigh and Lamb 
waves is also described.

1. Introduction

 Ultrasonic waves have widely been used in the nondestructive evaluation (NDE) of pipes 
and plates.  For detecting defects such as delaminations, voids, and holes, a pulse-echo method 
has been employed.(1,2)  However, the detection of defects, such as defects, compared with 
ultrasound wavelength, may not be easy via a conventional pulse-echo method.  This is because 
the detection surface of the ultrasonic probe has a finite size, and if it is much larger than the 
defect, defect information is spatially averaged on the probe surface.  Therefore, an efficient 
method of acquiring information on very small defects has been desired.  On the other hand, 
ultrasonic measurement using a laser has been widely performed.(3–8)  It is used to study defects 
and other physical properties, such as cracks in materials, using the interaction between laser 
light and ultrasonic waves, and to inspect composite materials using Lamb waves.(9–11)  Laser 
light is concentrated in a small area using an optical fiber,(12,13) and it is used as a sound source 
or a sensor such as Lamb waves.  In many cases, the surface of the target is often measured,(14) 
but there are not many studies on the internal physical properties of a solid material, such as 
defects under the subsurface of an object.
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 In this study, the laser light reflected from the surface of a metal plate sample is used as a 
probe to acquire phase information, which is phase-modulated by an ultrasonic wave.  Drilled 
holes under the subsurface of a sample also affect the phase of an ultrasonic wave.  Thus, 
the phase of the reflected light from the sample surface is also modulated by an ultrasonic 
wave and a defect.  When the excitation signal is known and can be controlled arbitrarily, the 
measured phase containing a defect can be extracted from an unusual phase change.  This 
phase difference can be picked up by optical methods such as the use of laser beam light.  This 
method is called ‘laser probing’, which has already been used to measure residual stress in 
glass and plastic materials.(2,3–17)  This method enables us to observe the characteristics of a 
smaller area than other imaging methods, such as the photoelasticity method.  In addition, in 
this method, contact with the sample is unnecessary and there is no problem of spatial signal 
averaging described above.  Most conventional ultrasonic transducers are millimeter to several 
tens of cm in size, but with laser probing, a high spatial resolution of the order of micrometer 
size beam spot can easily be obtained.  In the following, an example of detecting a drilled hole 
immediately below the surface of an aluminum plate sample is shown to clarify the efficiency 
of this method.

2. Experimental System and Method

2.1 Figures and tables

 Figure 1 shows a reflection-type laser probing system.(17)  30 cycles of burst sine wave 
voltage signals are repeatedly generated by a function generator (KEYSIGHT: 33600A) with 
a period of 10 ms and fed to a bipolar amplifier (NF: HSA 4101) for amplification up to about 
100 V.  The frequency of the burst sine wave is set to 5 MHz to match the resonance frequency 
of the piezoelectric transducer.  A Rayleigh wave probe (Japan probe: 5Z10 × 10R) is attached 
as a piezoelectric transmitter to the surface of an aluminum plate.  A Rayleigh wave is a 
type of surface wave that propagates on the surface of the propagation medium used and is 
convenient for examining the characteristics of the sample surface.  The hole to be inspected is 
0.5 mm in diameter and 5 mm in depth and is drilled using a small end mill.  A Rayleigh wave 
propagates above the hole about 0.3 mm below the sample surface.  Then, a laser beam (He-Ne) 

Fig. 1. (Color online) Experimental setup for laser probing to detect small defects.
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spot of about 20 μm in diameter is irradiated via a polarizer (first polarized plate) to scan the 
measurement point.  
 As shown in Fig. 1, second circular polarizing plates (analyzer) are inserted between the 
sample surface and the optical sensor to receive only the polarized components reflected on 
the surface of the aluminum plate.  Laser light is received by the avalanche photodiode optical 
sensor (APD: Hamamatsu Photonics C5460 module).(2,15–20)  The propagation medium is 
perturbed by the Rayleigh wave propagating on the sample surface and, as a result, the reflected 
laser light is phase-modulated by the Rayleigh wave that passes through the analyzer (second 
polarized plate) and is received by the APD.  Thus, the reflected laser light contains information 
on the change in propagation mode caused by the Rayleigh wave.  As shown in Fig. 1, the signal 
acquired from the APD is obtained as the time waveform of ultrasonic waves proportional to the 
sound pressure,(19,20) and this signal is fed to the vector signal analyzer (VSA: Agilent 89441A).  
The input signal is subjected to quadrature synchronous detection, then the phase data against 
the propagation distance (dθ′/dl and dθ/dl) are obtained from the ultrasonic waveform, where l is 
the propagation distance.  The phase change ratio dθ′/dθ is obtained from two phase data, where 
dθ′ and dθ are the phase changes with and without the hole, respectively.
 Figure 2(a) shows the dimensions of the aluminum sample (100 × 100 × 10 mm3) used in the 
experiment.  Figure 2(b) shows the enlarged view of the machined part.  As mentioned above, 
the Rayleigh wave probe (piezotransducer size: 10 × 10 mm2) is attached to the sample surface.  
The Rayleigh wave is measured for the phase against the wave propagation and used to examine 
the presence of holes in the sample.  
 In the experiment, laser light is irradiated at a position 4 mm away from the Rayleigh wave 
transducer to the back of the hole as shown in Fig. 2(b).  In Fig. 2(b), the reflected laser light 
signal for a total of 4000 points is received by the APD at 1 μm intervals in the measurement 
range of 4 mm (−3–+1 mm).  The ultrasonic time waveform data obtained from the APD are 
fed to the VSA and acquired as phase data of 4000 points.  The phase data acquired above are 
averaged every 100 μm (near the hole) or 250 μm (other position) to obtain the regression lines 
with the phase slopes dθ′/dl and dθ/dl.  Finally, average phase slopes were calculated.  The phase 
change ratio 1/(dθ′/dθ) values of 16 points are plotted against the propagation distance l (mm).  

Fig. 2. (Color online) Schematics of (a) an aluminum plate (10 mm thick) with a small hole and (b) enlarged view 
of the machined part.

(a) (b)
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3. Experimental Results and Finite Element Method (FEM) Analysis

3.1 Phase characteristics over the hole in the sample

 Figure 3 shows the experimental results for the phase change ratio of the wave propagating 
on the surface of the sample measured from the reflected laser beam.  As seen from the figure, 
the phase change is reversed front and back of the hole position.  As described above, the 
difference in phase change ratio 1/(dθ′/dθ) obtained from the slope of each phase change with 
and without defects is clearly identified by this method.

3.2 Results of FEM analysis

 Figures 4(a)–4(c) show the results of FEM analysis when the Rayleigh wave is generated 
in the sample by oblique incidence, which is the same condition as the experiments.  In the 
absence of defects, as shown in Fig. 3(a), the Rayleigh wave propagates on the sample surface 
and the phase slope decreases uniformly.  On the other hand, in Fig. 3(b), the Rayleigh wave 
propagation mode changes different from the mode around the hole position.  Figure 3(c) shows 
an enlarged view around the hole.  From Fig. 3(c), we observe that the Rayleigh wave begins 
mode conversion near the left side of the drilled hole.  

Fig. 3. (Color online) (a) Photograph of hole in aluminum plate and (b) phase change around the hole. l = 0 
indicates hole position.

(a)

(b)
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4. Discussion 

 From the results in Figs. 3 and 4, we consider the cause of the phase change at the top of 
the circular defect.  As shown in Fig. 4, the Rayleigh wave becomes the A0 mode Lamb wave 
between the hole and the sample surface after passing around the hole, and the A0 mode Lamb 
wave transforms into the Rayleigh wave again.  That is, since sound velocity decreases (Rayleigh 
wave: vR → A0 mode Lamb wave: vL) at the front side of the hole, phase delay decreases.  In 
contrast, sound velocity increases (A0 mode Lamb wave → Rayleigh wave) at the rear side of 
the hole, so the phase delay increases.
 Figure 5 shows the calculated result of the dispersion curve of the A0 Lamb wave.  Figure 5 
indicates the phase velocity of the Rayleigh wave and the dispersion curve of the A0 mode 
Lamb wave.  At the measurement frequency of 5 MHz, the Rayleigh wave velocity (about 90 m/s) 
is larger than the A0 mode Lamb wave velocity.  This difference in velocity between both waves 
may cause the phase change around the hole.

Fig. 4. (Color) FEM analysis of ultrasonic wave in sample.  Rayleigh wave on sample surface (a) without and (b) 
with hole, and (c) enlarged view of Rayleigh and A0 mode Lamb waves.

(a)

(b)

(c)
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5. Conclusion 

 A drilled hole with a diameter of less than or equal to the wavelength of a surface acoustic 
wave on the subsurface of an aluminum plate is detected by laser probing.  The holes that 
could not be detected by a conventional method are detected from the phase change of the 
Rayleigh wave included in the reflected laser light.  Experiments involving 5 MHz Rayleigh 
wave propagation along the surface of an aluminum plate are performed by laser probing.  FEM 
analysis reveals  mode conversion from a Rayleigh wave to an A0 mode Lamb wave between 
the drilled hole and the material surface.  The phase change at the edge of the drilled hole 
that causes the difference in sound velocity between the Rayleigh and Lambs waves is also 
confirmed.  Using our method, information on depths of various defects, such as delaminations, 
cracks, and so forth, can be used for the detection of holes by changing the Rayleigh wave 
frequency for various defects.  The dependence on the size (diameter/depth), position, and 
number of holes is important and should be examined under various conditions.  Future work of 
this method will be performed to examine the measurement accuracy and applied to the NDE of 
defects near the surface of a material.
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