
Void Detection of Steel Products for 
Process Monitoring System sing 

Electromagnetic Acoustic Transducer 

Fumio KOJIMAa,b,1 and Naoyuki KUBOTA 
b 

a
 Institute of Fluid Science, Tohoku University, Japan 

b
 Graduate School of System Design, Tokyo Metropolitan University, Japan 

 

Abstract. This study is concerned with void detection of steel products using 
electromagnetic acoustic transducer (EMAT). The dynamical behaviors of the 
pulser-receiver EMAT measurement system are described by a transient eddy 
current analysis. The ultrasonic wave propagation inside steel products is then given 
by an initial-boundary elastic problem defined on the steel domain with unknown 
void parameters. Thus the parameter-to-output mapping is developed by time 
dependent finite element model with unknown parameters. An inversion 
methodology is proposed using computational intelligent approach based on the 
reduced order expansion. Results of computational experiments to demonstrate the 
efficacy of the proposed method are reported. 
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1. Introduction 

Quality control of continuous casting process during metal solidification is a critical issue 
on steel industries. Recent advances in simulation technologies are able to provide 
valuable information on the main causes of segregation, cracking, and fluid flow 
phenomena during the solidification processes. As a result, it is much important to predict 
their dynamic behaviors using in-line measurements. Ultrasonic testing using the 
electromagnetic acoustic transducer (EMAT) is a feasible method for in-line 
measurements in steel product monitoring system because of non-contacting device and 
robustness to high temperature [1][2]. Figure 1illustrates the overall configuration of the 
system. At the process of the solidification process, it is extremely important to avoid the 
existence of internal cracking. In-line measurements by ultrasonic testing make it 
possible to analyze elastic properties of metal products. Our attempt in this study is to 
develop an inversion method for identifying profiles of metal solidification process under 
in-line measurements. 
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Figure 1. Overall configuration of continuous casting process 

 

2. System configuration 

EMAT consists of a magnet and a coil of wire and relies on electro-magnetic acoustic 
interaction for elastic wave generation. The device and the surface of molten metal 
interact and generate an acoustic wave. Under high temperature more than eight hundred 
centigrade, Lorentz force plays an essential roles in generating ultrasonic wave. Figure 
2(a) illustrates the mechanism of signal generation process. The static bias magnetic field 
by the permanent magnet can be governed by a static magnetic potential problem. Let 

 be the component of magnetic vector potential and let  

be the magnetic moment. For economy of notations, we use  in the sequel. 
Then the bias magnetic field caused by permanent magnets can be governed by 
 

 (1) 

 

where  denotes the magnetic reluctivity given by 
 

  

 

and where  and  denote the magnetic permeability of the air and the relative 
permeability of the permanent magnets, respectively. 
 

 
 

(a) pulser (b) receiver 
Figure 2. Illustration of pulser-receiver EMAT 
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The dynamic magnetic field caused by coil parts can be also governed by the same 

potential problem. Let and  be the electromagnetic vector 

potential and the electrical scaler potential at time  at location . We denote the domain 

of the metal product by  . Then the eddy currents in two spatial dimensions are 
governed by a time dependent potential problem: 
 

 (2) 

 

where , , and  imply the electrical conductivity of metal product, the 
characteristic function, and the applied current to the coil elements of EMAT device. 

The excitation of ultrasonic testing signal is assumed to be governed by Lorentz 
force. The exciting force in two dimensions are written as ([3]) 
 

 (3) 

 

where  denotes the eddy current given by 
 

 . (4) 

 
The domain of the metal product is assumed to be given by the bounded domain 

 with the boundary  . The surface confronting the EMAT device is 

denoted by and the remained boundary is given by . Let , , and 

 be the stress, the deviatoric strain, and displacement at time 

 and at location  for .Then the wave propagation is governed by 

 

  

  

  

 (5a) 

 
with the initial and boundary conditions 
 

 (5b) 

 (5c) 

 

where  and  denote the Lame's first parameter and the modulus of transverse elasticity, 
respectively. Furthermore, the additional absorbing boundary conditions are assumed on 

. 
The dynamics of the receiver EMAT is governed by the same potential model as in 

the pulser-EMAT. Let and  be the electromagnetic vector 
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potential and the electrical scaler potential at time  at location . Then the magnetic 

potential  of the reflecting signal is described by 
 

 (6) 

 
where 
 

 (7) 

 
The driven forces of the receiver EMAT (6) imply the interaction between the particle 
velocities of ultrasonic waves and the bias magnetic fields, as simply depicted in Fig. 
2(b). Consequently, the detecting voltage is given by 
 

 (8) 

 

where , , and  denote the number of coil turns, line element of the n-th coil, and 
the magnetic potential at the coil, respectively. 

3. Forward problem 

The forward problem considered here is to formulate the parameter-to-output mapping. 
As illustrated in Fig. 3(a), the void domain is defined by an ellipsoidal shape, 
 

 (9) 

 

where the parameter vector  is characterized by the void shape to be 
identified. To discretize the system model by a finite element method, the metal product 

 is divided into a finite number of elements $. The associated finite element 
model to Eqs. (2), (5), and (6) can be represented by 
 

 
 

(a) Sensor allocation (b) Void finite elements 
Figure 3. Void shape and unknown parameters 
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 (10a) 

 (10b) 

 (10c) 

 

Define the void finite elements . Let be the minimum 

coverage of the set  as shown in Fig. 3. Then the forward analysis 

 can be performed by solving the finite element 

models corresponding to Eq. (10) with the set of the finite elements . Figure 
4 demonstrates simulation results corresponding to three different voids. 

4. Inverse problem 

Our inversion is to estimate the position and the dimension of void  inside metal 
product. To this end, a steady-state genetic algorithm (SSGA) was adopted to the 
inversion [4]. The SSGA simulates the continuous model of the generation, and 

eliminates and generates a few individuals at each generation. Let  be a set of 
individuals given by 
 

. (11) 

 
Since the shape parameters of void are given by real numbers, the following adaptive 
mutation was applied to the inverse problem [5]: 
 

  

 (12) 

 

 
 

(a) Allocation of voids (b) Detected voltage 
Figure 4. Example of the forward problem 
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where  and  are the maximum and minimum fitness values, 

respectively and where  denotes the sequence of mutually independent random 

variables . The fitness value for the i-th individual is evaluated by 
 

 (13) 

 

where  and  denote the observed data and their standard deviation at time 

instant , respectively. In the numerical experiments, the syntheses data were constructed 

as follows. First, an arbitrary true void shape was preassigned by  . Secondly, 
the corresponding finite element models were solved numerically for the prescribed 

domain . Thus the observed data  can be prepared by 

 

 (14) 

 

where  denote the independent sequence of Gaussian random variables with . 
Consequently, the standard deviation in Eq. (13) becomes 
 

 (15) 

 

Table 1 reports the true and estimated parameters for the syntheses data with  
noise. Figure 5 represents the true and recovered void shape for the test examples listed 
in Table 1. 
 

  
(a) Test 2 (c) Test 8 

  
(b) Test 4 (c) Test 12 

Figure 5. Estimated void shape 
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Table 1.  Test summaries 

 

No.      

1 
true 1.20e-2 7.20e-3 -2.50e-2 1.15e-1 

estimate 8.37e-3 9.61e-3 -2.11e-2 9.71e-2 

2 
true 1.20e-2 7.20e-3 0.0 1.15e-1 

estimate 1.45e-2 9.73e-3 -7.03e-3 1.00e-1 

3 
true 1.20e-2 7.20e-3 2.50e-2 1.15e-1 

estimate 9.17e-3 1.12e-2 -1.36e-3 9.60e-2 

4 
true 1.20e-2 7.20e-3 -2.50 9.009e-2 

estimate 1.16e-2 1.27e-2 -1.53e-2 1.04e-1 

5 
true 1.60e-2 9.00e-3 -2.50e-2 9.00e-2 

estimate 1.45e-2 8.42e-3 1.34e-2 7.86e-2 

6 
true 2.00e-2 1.20e-2 -2.50e-2 9.00e-2 

estimate 2.31e-2 1.72e-2 -6.19e-4 8.46e-2 

7 
true 1.20e-2 7.20e-3 0.0 9.00e-2 

estimate 9.19e-3 1.21e-2 2.01e-2 9.85e-2 

8 
true 1.60e-2 9.00e-3 0.0 9.00e-2 

estimate 8.58e-3 1.29e-1 -1.19e-2 8.44e-2 

9 
true 1.60e-2 9.00e-3 0.0 9.00e-2 

estimate 9.42e-3 1.14e-2 1.12e-2 9.92e-2 

10 
true 1.20e-2 7.20e-3 2.50e-2 9.00e-2 

estimate 1.79e-2 1.62e-2 -5.32e-3 9.05e-2 

11 
true 1.60e-2 9.00e-3 2.50e-2 9.00e-2 

estimate 1.25e-2 8.16e-3 1.02e-2 7.69e-2 

12 
true 2.00e-2 1.20e-2 2.50e-2 9.00e-2 

estimate 1.16e-2 7.75e-3 1.20e-2 1.03e-1 

13 
true 1.20e-2 7.20e-3 -2.50e-2 6.50e-2 

estimate 9.53e-3 1.03e-2 1.62e-2 8.62e-2 

14 
true 1.20e-2 7.20e-3 0.0 6.50e-2 

estimate 7.73e-3 8.37e-2 -1.51e-2 7.35e-2 

15 
true 1.20e-2 7.20e-3 2.50e-2 6.50e-2 

estimate 9.18e-3 1.73e-2 3.31e-3 8.44e-2 

5. Concluding remarks 

An inversion methodology is proposed using computational intelligent approach based 
on evolutionary strategies. To this end, the series of forward problems were formulated 
by electromagnetic analyses and an ultrasonic wave propagation model and the 
corresponding numerical schemes were developed by finite element methods.  It was 
argued that the algorithm was worked in the test experiments. Further refinement might 
be necessary in order to apply the laboratory experiments. 
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