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1. Introduction 

We have proposed defect detection method in 
billet using ultrasonic transmission method and 
time-of-flight (TOF) of longitudinal wave.1,2) These 
methods detect defects from deviation of TOF 
caused by diffraction at the defects. By employing 
transmission method, larger intensity of the 
received signal can be obtained compared with 
conventional pulse echo method.1) The defects near 
the surface of a billet can be detected by using TOF 
of longitudinal wave.2) However, transmission 
method complicates measurement equipment 
because it requires both transmitter and receiver, 
while pulse echo method uses single transducer. 

Therefore, we have proposed a billet 
inspection method using TOF of bottom echo which 
can performed by single transducer.3) Although 
bottom echo is used in the pulse echo method for 
just an indicater of the bottom position, it also has 
information of defects as well as transmission 
method with TOF. This method is expected to be 
used for high attenuation billet because intensity of 
bottom echo is lager than echo from a defect. It is 
also expected that defects near the surface of a billet 
can be detected by using TOF of bottom echo 
regardless of arrival time of the echo from the 
defects. Although it was found that this proposed 
mehod can detect a defect at the center of a cross 
section of a billet, the effects of the position and 
size of the defect on TOF deviation have not been 
investigated yet. 

In this study, the relationship between the 
position and size of a defect and TOF diviation of 
bottom echo is numerically evaluated, and 
estimation of the defect position and size is also 
considered. 
 
2. Principle of defect detection 

Figure 1 shows a scheme of defect detection 
by the proposed method. Ultrasonic signals are 
projected to a billet from a transducer and echoes 

are received by the same transducer. In this method, 
defects are detected by TOF deviation of bottom 
echo caused by diffraction around the defects. If 
there is a defect on the ultrasonic propagation path, 
the TOF deviates by , which is defined as a time 
shift between m(t) and r(t) as shown in right hand 
side of Fig.1. m(t) is the bottom echoes measured at 
measurement plane which may contain defects. r(t) 
is the echo measured at reference plane which is 
defect free.  is obtained by cross-correlation 
method using m(t) and r(t). A cross section of a 
billet is measured by linear scanning of a transducer, 
and TOF profile, which is the relationship between 
transducer position X and  is acquired as shown 
in Fig. 1. From this TOF profile, defects are 
detected.  

 
3. Numerical simulation  

To simulate the wave propagation for defect 
detection by the proposed method, two-dimensional 
finite-difference time-domain (FDTD) method for 
elastic wave in solid was emproyed.4) In this 
simulation, isotropic elastic material was assumed. 
Figure 2 shows the condition of the simulation. 
Tested billet was assumed to be steel which has 
cross section of 100×100 mm2, the density was 
7,700 kg/m3, and the velocities of longitudinal wave 

 

 
 

Fig. 1  Outline of defect detection by 
time-of-flight deviation of bottom echo.3) 
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3. Results and discussion  
Figure 2(a) shows the hysteresis curves of ASEM 

intensity measured by using TP-A. The ASEM 
hysteresis curve has two minimum values around at 
𝐻𝐻min = ± 0.4 kA/m, which indicates the de-
magnetized condition.4) As shown in Fig. 2(b), the 
phase inversion of the pulsed waveform is found at 
𝐻𝐻min, strongly supporting the above interpretation. 
As discussed in Ref. [4], the 𝐻𝐻min observed in the 
hysteresis curve should correspond to the coercivity 
𝐻𝐻𝑐𝑐  in the standard magnetization (𝑀𝑀)-field (𝐻𝐻) 
curve. In the hysteresis curve shown in Fig. 2(a), 
however, the minimum is observed at the field 
polarities opposite to the conventional definition of 
𝐻𝐻𝑐𝑐. Namely, the 𝐻𝐻min is positive (negative) for the 
downward (upward) field direction.  

One possible explanation of this unexpected 
feature is the effect of demagnetizing fields in steel 
bars with mill scale. At 500 kHz, the skin depth of 
electromagnetic fields in steel is estimated to be 
about a few ten micrometers. Because the thickness 
of mill scale is comparable to the skin depth, the 
magnetic properties of mill scale as well as those of 
the host material (steel) will contribute to the 
ASEM signals. The field on the surface of the steel 
bar may be largely modified from the external fields 
due to the demagnetizing fields of the composite 
ferromagnetic materials. 
The similar results are obtained in the more 

realistic setup for actual applications (Fig. 3). The 
reduction of signal intensity is attributed to the 
smaller applied fields in this setup and the 
ultrasonic reflection at the interface between the 
wedge and the TP-B.  

4. Conclusion  
We have demonstrated the measurements of piezo-

magnetic effect of steel bars in cement composite 
structures via ultrasonic stimulation. The hysteresis 
properties including the demagnetizing states are 
nondestructively obtained.  
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Fig. 1 Schematics of measurement setup using two type of 
test pieces; (a) TP-A and (b) TP-B. 

Fig. 2  ASEM response of the steel bar in TP-A. (a) 
Hysteresis curves of ASEM intensity. The initial 
magnetization curve is not shown here. The magnetic field 
is calculated from the current applied to the electromagnet 
(𝐻𝐻 = 𝑛𝑛𝑛𝑛; the n is the number of turns per unit length). (b) 
ASEM waveform for the downward (left) and upward 
(right) field directions. The grayscale corresponds to 
𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡). The dashed lines show 𝐻𝐻min. 

Fig. 3  ASEM hysteresis curve of TP-B measured by the 
setup in Fig. 1(b). Actual magnetic fields are smaller than 
horizontal values (𝐻𝐻 = 𝑛𝑛𝑛𝑛). The dashed lines show 𝐻𝐻min. 
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and shear wave were 5,950 and 3,240 (m/s), 
respectively. The surface and a defect of a billet was 
assumed to be a free boundary, on which stress is 
zero. The mesh size and the time step was 0.1 mm 
and 1.12 ns, respectively. The input signal was 
up-chirp signal, whose frequency is 0.5-1.5 MHz 
with duration of 10 s windowed by Hann window. 
To obtain  only considering bottom echoes, the 
received signals between 33 and 45 s were used 
for the calculation of the cross-correlation function. 
A defect with diameter D exists at (x, y), as shown 
in Fig. 2. A transducer with an aperture of 6 mm 
were located at (X, 50). Scanning pitch of the 
transducer was 0.5 mm. 

To evaluate relationship between defect size 
D and TOF deviation , a defect was located at 
center of the cross section (x, y) = (0, 0) and D was 
varied from 0 to 15 (mm). The results are shown in 
Fig. 3. Figure 3(a) shows TOF profile at D = 2, 5 
and 8 (mm). The shape of the profile varies as the 
size of the defect varies. Figure 3(b) shows the 
relationship between D and  at transducer 
position X = x = 0 mm, same as defect position x. 
The blue line shows  of bottom echo and the red 
line shows that of transmitted wave.2)  of bottom 
echo is larger than that of transmitted wave, and the 
tendency of increasing  as D increases is seen in 
each method. From this relationship, D can be 
estimated by  at X = x at least when the defect is 
at (0, 0). 

To evaluate relationship between defect 
position (x, y) and , a defect of D = 5 mm was 
located at (x, 0) or (0, y) and varied x or y. Figure 
3(c) shows TOF profile at (x, 0), x =0, 30, 45, and 
Fig. 3(d) shows the relationship between x and  
at X = x. In Fig. 3(c), the peak position of TOF 
profile is shifted as the defect position x shifts. This 
means that defect position in the x direction can be 
estimated. In Fig. 3(d), deviation of  in bottom 
echo is larger than that in transmission method. This 
may be caused by the interference between the echo 
and reflected wave from surface of a billet (x = 50), 
and the effect becomes larger at bottom echo than 
transmitted wave. From this relationship, the error 
in the estimation of defect size based on Fig. 3(b) 
becomes larger at x > 25. 

Figure 3(e) shows TOF profile at (0, y), y 
=-30, 0, 30, and Fig. 3(f) shows the relationship 
between y and  at X = x = 0 with D = 5 mm. In 
Fig. 3(e),  varies as y varies even if the defect 
size is the same. In Fig. 3(f),  of bottom echo 
increases as y increases. In the range of y > 0, 
deviation of  of bottom echo becomes large, and 
the error of defect size estimation based on Fig. 
3(b) becomes large. Although  of transmitted 
wave at y and –y are the same as each other, that of 
bottom echoes take different values. This suggests 
the possibility of estimation of defect position y. 

However,  are affected by not only D but also x 
and y. Therefore, other features may be used for 
precise estimation of defect size and position. 

 
4. Conclusion 

In this study, the relationship between defect 
size, position, and TOF deviation in bottom echo 
are numerically investigated for estimating defect 
size and position in a billet. Defect size can be 
estimated if is in a limited area by the proposed 
method. Although the effect of defect position 
appears in TOF deviation, we may use other feature 
values of TOF profile to know defect position and 
estimate size precisely. 
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Fig. 3  Deviation of TOF  when the defect size D 
or position (x, y) are varied: (a) TOF profile at the D = 
2, 5, 8 mm, (b) relationship between D and , (c) 
TOF profile at x = 0, 30, 45 and y = 50, (d) 
relationship between x and , (e) TOF profile at x = 
50 and y = -30, 0 30, and (f) relationship between y 
and . 

 
 

Fig. 2  Simulation condition. 


