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1. Introduction
Square billets are manufactured by continu-

ous casting and processed into many metal products 
such as plate and pipe. In casting process, defects 
are caused by remaining inclusions and stress dur-
ing cooling and extrusion in the billets.1) We treat 
holes down to 2 mm in diameter as the defects. De-
fect detection is important for quality improvement 
of the billets and metal products. Nondestructive 
testing with ultrasound is efficient for the detection. 

We have proposed a method to detect the de-
fects using time-of-flight (TOF) of longitudinal 
waves2,3) instead of pulse echo method. The TOF is 
measured by the transmission method. Apparent 
sound velocity distribution, which is different from 
actual sound velocity of the billet, is reconstructed 
using ultrasonic computerized tomography (CT). 
The defects are visualized as a decrease in apparent 
sound velocity because the TOF increases owing to 
diffraction of ultrasonic waves at the defects.  

In these papers, the measurement points on 
one side were fixed to 50, which were so large that 
measurement time took long time. If the measure-
ment points are reduced while the visualization 
ability of defects is maintained, the measurement 
time becomes short. In this paper, a relationship 
between the number of measurement points and 
visualization ability of defects is evaluated by cal-
culation, which is validated based on ray theory.4)

2. Principles of Defect Visualization 

Transmitter and receiver are set on the billet 
surface and the longitudinal waves are measured 
using the transmission method. The TOF of the dif-
fracted wave at the defect is larger than that of the 
direct wave. We detect the defect to utilize the TOF 
difference, which means increase in TOF, because 
it contains information relating to defect existence. 

The apparent sound velocity is reconstructed 
from the TOF difference. The apparent sound ve-
locities at the defects areas are lower than those of 
defect-free areas because the TOF increases owing 
to the diffraction at the defects. Therefore, a de-
crease in the apparent sound velocity indicates the  
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Fig. 1 Schematic view of billet, transducer, and projec-
tion used in CT. 

existence and location of defects. Figure 1 shows a 
schematic view of billet, transducer, and projection 
used in CT. The projection, p(X, ), which is de-
fined as the TOF difference, is given by 

c
XLXTXp ),(

),(),( ,      (1) 

where T(X, ) and L(X, ) denote the TOF and 
length of the propagation path in the Y-direction
passing through point (X, ), respectively. In addi-
tion, c denotes the sound velocity in the billet. The 
apparent sound velocity distribution is recon-
structed from the projection using filtered back- 
projection. To use this method, the projection at 
equal intervals is required. However, the intervals 
of obtained projection are unequal. Therefore, the 
projection at equal intervals is calculated from the 
obtained projection using cubic spline interpola-
tion.5) A range between the projection after interpo-
lation and obtained projection is increased as the 
measurement points are decreased. Otherwise, the 
visualization ability of defects is reduced as the 
range is increased.  

3. Simulation Results 
Figure 2 shows a simulation setup. The 

square billet is assumed to duralumin and its size, 
(2l)2, is 100 × 100 (mm2). The sound velocity of the 
billet, c, is about 6320 m/s. The origin is taken at 
the center of the billet. The transducers are set on  
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Fig. 2 Simulation setup. 
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Fig. 3 Maximum range, MR, in measurement points on 
one side, n, obtained by ray theory. 

the billet surface at equal intervals. The number of 
measurement points on one side is defined as n. The 
number of TOF data is equal to the number of com-
binations of the transmitter and receiver on arbitrary 
sides subtracted by the number of combinations of 
those which share a side. Therefore, the number of 
TOF data, , is given by 

224 C4C nn .  (2) 
The TOF of each path is obtained by the ray theory.  

The projection of TOF data obtained from 
j-th (0 j ) transducer combination is defined as 
p(Xj, j). In addition, the projection after interpola-
tion is defined as p(a X, b ). Here, X and 
denote the lengths of mesh grid in X and  coordi-
nates, respectively, and their values are 2 mm and 

/90 (rad). The range between (a X, b ) and 
(Xj, j), Ra,b, is given by

22
ba, min jj bXXaR ,

blXal 0,22 . (3)
The maximum range of Ra,b is defined as MR.

ba,R max RM .     (4) 
Figure 3 shows the maximum range, MR, in meas-
urement points on one side, n. The maximum range 
is decreased as the measurement points one side is 
increased. It is expected that the defect down to 2 
mm in diameter may be visualized if the maximum 
range is less than 2 mm, which meets the sufficient 
condition for the interpolation. The maximum  
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Fig. 4 Setup and visualized images of defects by ray the-
ory. (a): Setup. (b): n = 50. (c): n = 25. (d): n = 15. 

range at n = 25 is 1.94 mm. Figure 4 shows setup 
and visualized images of defect. Figure 4(a) shows 
the setup of billet and defect. The defect is located 
at (x, y) = (32, 42) (mm), which is the same as the 
location of maximum range in n = 25. In this loca-
tion, it is the most difficult to visualize the defect. 
The diameter of defect is 2.0 mm. Figures 4(b)–4(d) 
show the visualized images of defect at n = 50, 25, 
and 15, respectively. The gray scale indicates the 
apparent sound velocity. In Fig 4(d), the defect 
cannot be visualized because the response of defect 
in image is less than that of artifacts. In Figs. 4(b) 
and 4(c), the defect was visualized and its location 
approximately agrees with the actual location.  

4. Conclusions 
The relationship between the number of 

measurement points and visualization ability of de-
fects was evaluated by calculation. As a result, the 
defect was visualized although the measurement 
points on one side were reduced by 25 while the 
visualization result of defects was maintained.
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