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Abstract. This paper presents innovative and advanced electromagnetic and
ultrasonic techniques for the in-line inspection of hot wire steel. The hot wire
inspection procedure is performed with two types of sensor techniques: the eddy
current (EC) sensor technique and the electromagnetic ultrasonic (EMUS) sensor
technique. Any type of crack on the upper surface of the steel wire disturbs the eddy
current distribution, which can be detected by the eddy current sensors. However,
the eddy current distribution is only weakly influenced by cracks, which are parallel
to the wire, so-called longitudinal cracks. To detect such longitudinal cracks EMUS
transducers can be used which are operating with Rayleigh surface waves. A
combination of both sensor types would be adequate to detect defects even in hostile
environments, such as high production speed and high temperature. Different
numerical methods – the finite integration technique (FIT), the finite element
method (FEM), and the boundary element method (BEM) have been used to model
this NDT situation. The presented work is part of the so-called INCOSTEEL project
which is sponsored by the European Commission through the Research Fund for
Coal and Steel (INCOSTEEL: In-line quality control of hot wire steel - Towards
innovative contactless solutions and data fusion).

Introduction
The production of long steel products like steel wires, rods and bars within the steel market
is subjected to very strict specifications, with regard to quality and reliability as well as in
terms of increasing productivity. Product quality along the different production processes
will have a high impact in the quality of the end component. Nondestructive testing (NDT)
techniques are widely used for quality assurance in steel manufacturing, e.g., for the
detection and evaluation of all potential types of internal and surface defects. The aim of
the project called INCOSTEEL [1] is to optimise the in-line detection of transversal and
longitudinal defects produced in the manufacturing process of hot wire steel. Material
assessment is carried out at a temperature of 1000º-1200º C at a rolling speed of up to
120 m/s. The speed depends on the diameter of the hot wire steel. Existing NDT systems
have some limitations regarding detection and characterisation of several types of common
defects. The aim of this presentation is to discuss the electromagnetic and ultrasonic
modelling techniques and to present the status of the modelling part of the INCOSTEEL
project. In Sec. 1 we define the problem of hot wire inspection and give an outline of the
applied sensors. The mathematical background, this means the governing equations of the
applied sensor types are given in Sec. 2 and Sec. 3. The selection of the numerical
modelling technique is discussed in Sec. 4. Simulation results are documented in Sec. 5 und
Sec. 6.
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1. Statement of the Problem of Hot Wire Steel Inspection
Hot wire stainless steel (Fig. 1a) of diameter D = 6 - 42 mm is considered, driven by a
guiding system through the sensor coils at a temperature of 1000°-1200° C above the Curie
point with a rolling speed up to vc = 120 m/s depending on the diameter of the wire. Typical
longitudinal and transversal cracks in the hot wire steel are shown in Fig. 1b and 1c,
respectively. In a parameter study we use cracks with the shortest length of l = 5 mm, the
lowest width of w = 0.2 mm, and a minimum depth of d = 0.1 mm.
a)

b)

c)

Figure 1: a) Hot wire steel in the production line, b) a typical transversal and c) a typical longitudinal crack

The objective of the system is to detect transversal and longitudinal cracks with high
precision, which includes proper identification as well as location of the crack in the hot
wire. Two types of sensors/transducers are considered here, eddy current (EC) sensors and
electromagnetic ultrasonic (EMUS) transducers. For instance, Fig. 2 shows an EC sensor
with encircling coils which reside around the hot wire. In Fig. 3 a schematic view of an
EMUS sensor operating with Rayleigh surface waves is displayed. Such a sensor consists
of small permanent magnets generating a well defined magnetostatic field and an rf-coil to
induce a transient eddy current density in the conducting hot wire. Both together generate a
transient body force density in the solid to excite an ultrasonic wave field.
b)
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Figure 2: a) Hot wire steel with encircling coils, b) cross-sectional view of the experimental setup
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Figure 3: a) Sketch of a Rayleigh wave EMUS probe for hot wire inspection and b) sketch of a periodic
permanent magnet to generate the magnetostatic field and an rf-coil to excite a transient eddy current

2. Governing Equation for Eddy Current Sensor Modelling
The governing equations for the modelling of an eddy current (EC) sensor in a moving
conductor are Maxwell’s equations for a moving medium, where the first two read [2]
∂
(1)
∇ × E( R , t ) = − B ( R , t ) + ∇ × [ v c ( R , t ) × B ( R , t ) ]
∂t
∇ × H (R , t ) =

∂
D( R , t ) + J e ( R , t ) .
∂t

(2)

The Eq. (1) is derived from Maxwell’s equations in integral form by using the Helmholtz
transport theorem [2, 3]. In Eqs. (1) and (2) E , B , v c, H , D , J e , R and t represent the
electric field strength, the magnetic flux density, the velocity of the moving conductor, the
magnetic field strength, the electric flux density, the electric current density, the position
vector in the three-dimensional space, and time, respectively. As the eddy current problem
is a magnetoquasistatic (MQS) problem [4], we can neglect the displacement current, i.e.
∂
D( R , t ) ≈ 0 .
∂t

(3)

With this MQS approximation Maxwell’s second equation, Eq. (2), reads
∇ × H (R, t ) = J e (R, t ) .

(4)

The electric current density has two parts
J e (R , t ) = J ec (R , t ) + J ee (R , t ) ,

(5)

i.e. the electric current density in the conductor J ec and the external electric current source
density J ee . From Ohm’s law of field quantities, the conducting part can be written as
J ec (R , t ) = σ e E(R , t ) ,

(6)

where σ e stands for the electric conductivity of the medium. The constitutive equation
between the magnetic flux density and the magnetic field strength above the Curie point
can be approximated by
B(R, t ) = μ H (R, t ) ,

(7)
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where μ is the permeability of the steel. Inserting the Eqs. (5)-(7) into the Eq. (4) yields
⎡1
⎤
(8)
∇ × ⎢ B ( R , t ) ⎥ = σ e E( R , t ) + J e ( R , t ) .
⎣μ
⎦
For a moving conductor with a velocity v c , B(R, t ) and E(R, t ) can be represented by a

magnetic vector and electric scalar potential, A(R, t ) and Φ (R, t ) :

B( R , t ) = ∇ × A ( R , t )

E(R, t ) = −

(9)

∂
A(R, t ) + v c × ∇ × A(R, t ) − ∇Φ(R, t ).
∂t

(10)

Using Eq. (9) and (10) in Eq. (8) we arrive at the magnetic diffusion equation
⎛ ∂
⎞
∇ × [∇ × A (R , t ) ] − μ σ e ⎜ − A (R , t ) + v c × ∇ × A ( R , t ) − ∇Φ ( R , t ) ⎟ = μ J ee (R , t ) .
⎝ ∂t
⎠

(11)

The eddy current problem is modelled by solving the magnetic diffusion problem in Eq.
(11). If the conductor is not moving we have v c = 0 in Eqs. (1), (10), and (11).
3. Governing Equation for EMUS Transducers Modelling
The governing equations for EMUS transducers are Maxwell’s equations [2, 5] and the
governing equations of linear elastodynamics [2, 5]. Linear elastodynamics is governed by
the Newton-Cauchy equation of motion and the deformation rate equation [5, 6]

∂
j(R, t ) = ∇ T(R, t ) + f (R, t )
∂t

(12)

∂
S( R , t ) = I + : ∇ v ( R , t ) + h( R , t ) ,
∂t

(13)

where I + denotes the fourth rank symmetrisation tensor acting on ∇ v by a double
contraction “:”. In the above equations S , v , T , j , h and f represent the strain tensor,
the particle velocity vector, the stress tensor, the momentum density, the deformation rate
tensor and the volume force density, respectively. These equations cannot be solved
without relating j and v , S and T via constitutive equations. For linear time invariant
instantaneously and locally reacting inhomogeneous anisotropic materials these define the
mass density ρ (R ) and the compliance tensor s(R ) of rank four [5, 6]:
j(R, t ) = ρ (R ) v(R, t ),

S ( R , t ) = s ( R ) : T( R , t ) .

(14)

Eq. (14) characterizes instantaneously reacting materials; hence, they do not include
material dispersion (dissipation). It is mentioned in the previous section that the eddy
current problem can be solved by determining E(R, t ) using Eqs. (11) and (10), but in the
EMUS case the velocity is given by the superposition of the velocity of the moving
conductor and the particle velocity. If this eddy current J ec (R, t ) - usually induced by an rfcoil – is “superimposed” to a static magnetic field B 0 (R ) , the resulting Lorentz force
density can be written as
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f (R, t ) = J ec (R, t ) × B0 (R ) .

(15)

The Lorentz force density acts as a volume force density in Eq. (12) to excite an
elastodynamic wave field in the solid. In a FIT consistent numerical modelling of EMUS
transducer, three subsequent FIT solvers must be combined: a magnetostatic solver for the
static magnetic flux density B 0 , a solver for the parabolic diffusion equation Eq. (11) for
the vector potential A and an elastodynamic solver, EFIT [7, 8], for the ultrasonic wave
field in Eqs. (12)-(15). The resulting tool is called EMUSFIT [8].
4. Selection of a Numerical Method

A proper numerical method should be chosen to solve the problem accurately. For the eddy
current modelling we apply the finite element method (FEM) and boundary element
method (BEM). The EMUS transducer is modelled with the EMUSFIT.
4.1 Boundary Element Method (BEM)
The boundary element method (BEM) approaches the eddy current field problem by
solving the underlying boundary integral equation (BIE) for the equivalent sources, i.e.,
equivalent electric current density. The BEM uses an integral formulation of Maxwell's
equations, which allows for very highly accurate field calculations.
4.2 Finite Element Method (FEM)
The finite element method (FEM) solves the underlying field equations by breaking up the
domain of interest into small elements. Solutions are found for each region, taking into
account only the regions that are right next to the one being solved. In the case of magnetic
fields, where FEM is often used, the vector potential is calculated in these regions.
Magnetic field solutions are derived from the vector potential by differentiating the
solution. This can cause problems in the smoothness of field solutions.
4.3 Finite Integration Technique (FIT)
The finite integration technique (FIT) is based on the direct discretisation of the governing
equation of electromagnetics and elastodynamics. To model the elastodynamic, i.e.
ultrasonic, part of the EMUS problem we apply the elastodynamics FIT called EFIT, where
we discretize the governing equations in integral form on a staggered voxel grid in space.
The allocation of the vector and tensor components satisfies the transition conditions
“automatically”, if the inhomogeneous material is discretised [7, 8]. For the time
discretisation an explicit leap-frog scheme is chosen. The evolution of the EMUSFIT into
an efficient and general numerical code to model EMUS was essentially stimulated in [8].
4.4 Software Tools
Selected numerical modelling packages to simulate EC and EMUS sensors are:
•

Opera-2d 10.5 [10] based on FEM

•

Faraday 6.1 [11] based on BEM

•

EMUSFIT [8] based on FIT
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5. Simulation Results of Eddy Current (EC) Sensors

5.1 Non-Moving Conductor Case
In this section the modelling of the detection of a crack with a 4-coil sensor is reported (see
Fig. 4). The simulations are performed by the steady-state AC module of Opera-2d [10].
The obtained voltage in the sensor coil is recorded and plotted to determine the response of
the sensor when a crack crosses the sensor. The size of the crack is l = 5 mm and
d = 0.1 mm and resides at z = 0 mm. The radial component of the magnetic flux density is
displayed in Fig. 5, where a frequency of f = 50 kHz is used. A plot of the induced electric
voltages recorded at the sensor coil as a function of crack position is given in Fig. 6.

Figure 4: Schematic view of the geometry of the hot wire steel ( σ e = 1.4 ⋅106 A/Vm , μ = μ0 ) with a crack at
z = 0 mm embedded in free-space and a sketch of the 4-coil eddy current (EC) sensor; σ e = 1.4 ⋅106 A/Vm

Figure 5: Simulation result using the steady-state AC module of Opera-2d [10]: field distribution of the
radial component of the magnetic flux density of the 4-coil sensor
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Figure 6: Simulation result
using the steady-state AC
module of Opera-2d [10]:
induced electric voltages
of the 4-coil sensor as a
function of crack position

5.2 Moving Conductor Case: Velocity Analysis Results at vc = {5, 10, 20} m/s
In the moving conductor case, the linear motion (LM) module of Opera-2d [10] is applied.
Fig. 7 shows the comparison of the received voltages at the velocity of vc = {5, 10, 20} m/s
of the steel bar. The effect of the increasing velocity is clearly visible. In this example the
received total electric voltage decreases with increasing velocity.

20 m/s

10 m/s

5 m/s
Figure 7: Simulation result
using the linear motion
(LM) module of Opera2d [10]: induced voltage
vs. time at
vc = {5, 10, 20} m/s.

6. Simulation Results of Electromagnetic-Ultrasonic (EMUS) Sensors

Fig. 8 shows time-domain snapshots of the ultrasonic wave field of a Rayleigh wave EMUS
transducer, it radiates a bi-directional wave field. This is a preliminary result for a long flat
plate [9]. It can be noted that the eddy current density generated by the EMUS close to the
surface follows the periodic magnetostatic flux density generated by the periodic permanent
magnet (see the geometry in Fig. 3); hence, a sinusoidal spatial variation along the surface
with the skin depth as penetration depth turned out to yield a very good approximation for
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the volume force density. At the moment we are working on the application of the EMUS
modelling to the hot wire inspection.

Figure 8: Twodimensional EMUSFIT
snapshots of the ultrasonic
wave field of a Rayleigh
wave EMUS transducer at
a carrier frequency
fc = 600 kHz

Conclusions

In this paper we have presented results of the numerical modelling of two types of sensors,
i.e. the EC and the EMUS sensor, for the in-line quality control of hot wire steel. The eddy
current sensor described in this paper has some difficulties to detect longitudinal cracks. To
overcome these difficulties two new sensors have been proposed: a 3-coil sensor and a Dcoil sensor. The numerical modelling of these sensors is in progress using the 3-D eddy
current simulation tool Faraday 6.1 [11]. Moreover, a comparison between the simulated
and measured results of the velocity analysis is in progress.
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