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1. Introduction 

We have focused on the subharmonic wave1) 
generated at closed cracks, and have developed a 
practical closed-crack imaging apparatus, 
subharmonic phased array for crack evaluation 
(SPACE).2) However, linear scatterers such as back 
surfaces appeared as ghosts due to filtering leakage 
in subharmonic array (SA) image, degrading the 
selectivity of closed cracks. In medical ultrasonics, 
the selectivity enhancemnt of nonlinear scatterers 
such as bubbles has been proposed by subtracting a 
nonlinear image at a small input multiplied by an 
amplification factor from that at a large input,  
after creating two nonlinear images by filtering 
received waves at nonlinear component.3) In solid, a 
similar method, scaling subtraction method (SSM)4) 
was proposed although it claims an advantage of 
using unfiltered waveforms. We proposed the 
amplitude difference (AD) method similar to Ref. 
3) based on the SPACE, and demonstrated the 
improvement of the selectivity of closed cracks 
with the damped double nodes (DDNs) simulation5) 
and an experiment.6) However, it could not 
completely eliminate the ghosts of back surface 
because the subharmonic waves generated at closed 
crack are reflected from the back surface and return 
to the transducer.6) 

On the other hand, it is reported that not only 
superharmonic and subharmonic waves but also  
fundamental wave is generated at closed cracks, 
exhibiting the threshold phenomena.7) In this study, 
we propose a novel method to dramatically enhance 
the selectivity of closed cracks based on this 
phenomenon, and verify its advantage over the AD 
of subharmonic waves.6) 
 
2. AD method of fundamental waves 

Figure 1 shows the principle of improving the 
selectivity of closed cracks which utilizes the 
nonlinearity of the crack responses in the 
fundamental array (FA) images at different input 
amplitudes. In the FA image [Fig. 1(b)] at a small 
input amplitude u0, the closed crack C is not imaged 
and only the back surfaces S1 and S2 are imaged 

since the ultrasound is transmitted at the closed 
crack. However, in the FA image [Fig. 1(a)] at a 
large input amplitude au0, C is imaged since not 
only superharmonic and subharmonic waves but 
also fundamental waves are generated7) by the 
contact vibration of closed cracks. On the other 
hand, amplitude of S2 is decreased when the 
transmission is not complete. Therefore, by 
subtracting the FA image [Fig. 1(b)] multiplied by 
the amplification factor a from the FA image [Fig. 
1(a)], C appears as increment. On the other hand, 
S1 and S2 appear as 0 and decrement, respectively. 
Thus, in the subtracted image [Fig. 1(c)] showing 
only the increment, only C can be imaged with 
canceling S. Furthermore, spatial resolution can be 
enhanced since a fundamental wave has twice the 
frequency of a subharmonic wave. Thus, the AD 
method of fundamental waves realizes an imaging 
of closed cracks with high selectivity and high 
spatial resolution. 
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Fig. 1  Principle of the AD method of fundamental 
waves: (a) Large input amplitude, (b) Small input 
amplitude multiplied by an amplification factor a, (c) 
Subtracted image ( = (a)-a (b) ). 
 
3. Experiment 
3-1. Experimental condition 

Experimental configuration is shown in Fig. 
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2(a). To verify the AD method of fundamental 
waves in experiment, a closed fatigue crack 
specimen6) was imaged by a single array SPACE.8) 
The single array SPACE used a PZT array 
transducer of 32 elements with a center frequency 
of 5 MHz for both emission and reception. The 
focused waves of 3-cycle bursts at a frequency of 7 
MHz were excited at 8.9 nm (2.4 MPa) and 26.8 nm 
(7.3 MPa) as a small and a large input, respectively. 
The AD of fundamental waves was compared with 
that of subharmonic waves. 
 
3-2. Experimental results 

Imaging results of the closed fatigue crack 
were shown in Figs. 2(b)-2(g). In the SA images 
[Figs. 2(e) and 2(f)], the closed crack C was imaged 
at both the large and small input, whereas the ghosts 
S were also imaged in the back surface and the 
notch. Therefore, the selectivity was low. Then, the 
AD method was applied to the SA images. As a 
result, C was imaged in the subtracted image [Fig. 
2(g)], and thereby, the selectivity was enhanced by 
7.6 dB. However, S was not completely eliminated. 
This can be presumed that not only C but also S 
appears as increment as mentioned in §1. 

Here, we employed the wavelet analysis of 
shift-summation waveform at C at large input, as 
shown in Fig. 3. We found that not only the 
subharmonic wave (3.5 MHz) but also the 
fundamental wave7) was generated. This would 
include the fundamental component generated by 
the contact vibration. 

In the FA images [Figs. 2(b) and 2(c)], C was 
imaged at both the large and small input with higher 
spatial resolution than that in the SA images, 
whereas the back surfaces S1 and S2 were also 
imaged. Therefore, the selectivity was low. Then, 
the AD method was applied to the FA images. As a 
result, only C was successfully imaged in the 
subtracted image [Fig. 2(d)] with canceling S1 and 
S2, and thereby, the selectivity was dramatically 
enhanced by 34 dB. Furthermore, the spatial 
resolution in Fig. 2(d) was higher than in Fig. 2(g). 
Thus, we verified the advantage of the AD method 
of fundamental waves over that of subharmonic 
waves6).  
 
4. Conclusions 

We proposed amplitude difference (AD) 
method utilizing the nonlinearity of fundamental 
wave due to the contact vibration of closed cracks. 
We verified that the AD method of fundamental 
waves can realize the higher selectivity and spatial 
resolution than that of subharmonic waves. This 
method would enable us to estimate a closure stress 
from the input-wave stress at a threshold. 
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Fig. 2  Experimental configuration and results: (a) 
Experimental configuration, (b)-(d) FA images at large 
and small amplitude and their subtracted image. (e)-(g) 
SA images at large and small amplitude and their 
subtracted image. 
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Fig. 3  Shift-summation waveform and frequency 
analysis at C: (a) Shift-summation waveform. (b) 
Wavelet analysis. 
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