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Abstract. The 3MA system developed by IzfP has long been known for its ability to 
assess properties of parts such as dented wheels or, more recently, press-hardened 
steel parts. It is also considered for contactless on-line assessment of strip properties 
in steel industry, e.g. at the exit of continuous annealing and galvanizing lines. 
However, interpreting the output signals of the 3MA in relation to the strip 
properties is not straightforward due to the following complexities:  
 • 3MA operation is rather sophisticated, including in particular the incremental 
permeability mode, which consists in reading the impedance of a high frequency 
eddy-current pick-up coil during the application of a low frequency magnetization 
cycle with a U-shaped yoke electromagnet 
 • The strip itself has to be considered as a multilayer material, with a bulk 
material sandwiched between skin-passed layers and Zn coating – each layer having 
its own thickness and electromagnetic properties 
 To model this system, the Flux 2D code developed by CEDRAT was adapted 
in order to be able to take into account magnetic hysteresis with the original 
implementation of an invertible vector model based on Jiles-Atherton’s 
approximation. Also, a powerful meshing based on mapped elements allows a very 
fine representation of the different layers with skin depths adapted to the highest 
frequency. 
 The whole computation uses first a transient magnetic application with low 
frequency magnetization. At each time step an equivalent permeability is extracted 
(using the Jiles-Atherton model) in order to make a snapshot of the local dynamic 
behavior, and derive the output of the high frequency pick-up coil voltage. This 
voltage is in turn displayed in the impedance plane, and its principal component is 
plotted versus the computed tangential magnetic field to get the incremental 
permeability. 
 This work was used to determine the sensitivity of the impedance plane pattern 
to the Zn coating thickness. It was found that the model predictions are in good 
agreement with laboratory results. 
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1 Introduction  

On-line non-destructive measurement techniques for the assessment of ferromagnetic steel 
strips in relation with their microstructural features is of ever-growing interest for major 
manufacturers, especially when producing Advanced High Strengths Steels (AHSS) for 
automotive purposes. Such non-destructive techniques, which are typically based on 
ultrasonic or electromagnetic excitation and sensing, can be made contactless, with a 
sampling rate sufficiently high to allow exhaustive characterisation along the strip length. 
These favourable features stimulate the development of instruments based on these 
techniques, in particular for electromagnetic techniques, for which different on-line 
measurements systems can be found, such as IMPOC, HACOM, and in the case of the 
present paper the 3MA system developed by IzfP [1-4]. However, one of the main 
drawbacks is the lack of knowledge between the steel strips microstructures and the outputs 
of such instruments. Thus a significant modelling effort is required to understand 
thoroughly the links between microstructure and outputs of instruments, for which a 
consortium of major European steel manufacturers has gathered with high-level entities 
specialized in modelling into the Product Uniformity Control (PUC) European project. 
In the case of electromagnetic techniques, the generic approach consists in splitting the 
problem into two, as shown in Fig. 1:  A first step will consist in trying to link the ferromagnetic microstructure to the 

basic hysteresis cycle. This aspect, which is principally addressed within the PUC 
project by the University of Grenoble, is based on original work by S. Labbé [5].  The second step consists in deriving the outputs of instruments starting from the 
hysteresis cycle. 

 

 
 

Fig. 1. Two-step approach to model instruments outputs from a description of the microstructure 

This second step consists in deriving the incremental permeability outputs of the 3MA 
system from a description of the hysteresis curve, which has to be easily invertible. In the 
present case the Jiles-Atherton model [6] was used, described by a 5 parameter set. This 
modelling was first proposed by Y. Gabi et al. [7-9], and improved with continuous work 
by Cedrat on this topic [10]. The paper begins with a description of the 3MA modelling in 
its incremental permeability mode. After a quick recall on the recent improvements 
proposed by CEDRAT, the paper focuses on the application to coated steels, with a 
combined modelling-experimental study to the sensitivity to the zinc coating layer. 
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2 Modeling the 3MA system in its incremental permeability mode 

The incremental permeability method used in the 3MA system consists in recording the 
impedance of a high-frequency pick-up coil at each point of the material’s magnetic 
hysteresis cycle. The 3MA measurement head thus includes.  A magnetic yoke which allows applying a low-frequency (typically below 200 Hz) 

magnetic field to drive the material in a non-linear hysteretic behaviour.  A field probe which allows controlling the applied field.  A pick-up coil operated at a high frequency (20 kHz or more) which impedance will 
be recorded all along the magnetization process. 

2.1 Modeling approach 

The modelling uses a method based on finite elements with Cedrat’s Flux 2D software. A 
specific procedure has been defined in order to be able to reproduce all the signals sent to 
the device, and to extract output from the device. Furthermore a new vector model of 
hysteresis has been implemented. Due to the symmetry, only half of the device is 
modelled (Fig.2). The circuit includes three independent parts: low frequency part, exciter 
and detection coils for high frequency part. 
 

  
Fig. 2. Geometry (halved for symmetry) and electrical circuit of 3MA device 

The first step is a transient analysis, in order to represent the magnetising coil, which will 
create a magnetic field through the U shape magnetic yoke. The magnetic field is going 
through the strip, and return back thanks to the U yoke. A low frequency typically in the 
range of 10-250 Hz is used to drive a magnetisation current. A field sensor allows 
measuring the tangential magnetic field at the pick-up coil position. At each time step, B 
and H are computed, all along the hysteresis cycle, which requires an invertible analytical 
approximation of the B-H curve; in the present case it was chosen to use the Jiles-Atherton 
model. 
At the end of each time step, the relative permeability is derived in all magnetic regions. 
This magnetic permeability is used in a second computation run in AC analysis at a higher 
frequency (typically in the range 20-150 kHz). In this second computation, only the pick-up 
coil is fed, and the detection coil voltage is computed. The whole process, summarised in 
Fig. 3, yields two outputs as represented in Fig.4: first the impedance plane, then voltage (y 
component in the impedance plane) vs the tangential magnetic field. 
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Figure 3. Overview of the modelling process 

 

             
Fig. 4. Outputs of 3MA incremental permeability analysis :  

(left) impedance plane, (right) incremental permeability amplitude 

The impedance variation during the magnetization cycle displays a water-droplet shape. As 
done classically in eddy-current signals analysis, the droplet’s main axis is aligned in the 
vertical direction, which allows a quick estimation of the amplitude change by recording 
the y coordinate. This in turn yields the incremental permeability curve with the calculation 
of several parameters, including:  µmax: maximum value of the impedance variation (expressed in V measured at coil 

extremities)  Hcµ: peak position of the maximum, averaged over the 2 peaks (in A/cm)  DH50: mid-hight width of the peaks, averaged over the 2 peaks (in A/cm) 
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Modeled outputs fit rather well with actual 3MA measurements, as those shown in Fig. 5. 
 

        
Fig. 5. Illustration of the actual water-droplet shape in the impedance plane (left),  

and actual incremental permeability curve (right) 

2.2 Recent improvements 

Several improvements have been brought to the modelling with the new features of the new 
64-bit version of Flux 2D software:   The meshing resolutions down to 1µm for the local properties, while the complete 

space to investigate – which is in the range of 500 mm. With the former 32-bit 
version, this resolution limit was around 10 µm.  The magnetic field can be now described as a 2D field where it was only considered 
as a scalar with the former software version.  It was also found that the numerical simulation needs running 3 magnetisation 
cycles to yield stabilized incremental permeability curves. Recent generation 
computing clusters allowed running several magnetisation cycles in less than 12 
hours, therefore permitting the systematic analysis of the third magnetisation cycle. 

The combination of these improvements allowed carrying out the following parametric 
study on the effect of Zn coating thickness. 

3 Application to the sensitivity of the Zn coating thickness 

3.1 Material description for modelling  

The material considered is a multi-layered, with a chosen 10µm skin-passed layer between 
the bulk and the Zn coating. In order to represent the different layers, a specific meshing 
was done using mapped elements in order to reduce the number of unknowns. The 
thickness of the bulk material is 1 mm. The Zn depth layer is arbitrarily chosen to carry out 
a parametric analysis from 0 to 15 microns. 
 

 

 
Fig. 6. Description of the 1 mm thick material for investigations on the effect of Zn layer thickness 

For this study, a series of minor hysteresis loops were measured on an uncoated DP steel 
sample with a classical Epstein frame for the bulk material. To determine the properties of 

Skin-passed layer 

Bulk layer 

Zn layer (variable depth) 
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the skin-passed layer, the samples were subject to a 6% tensile straining - which is 
supposed to fill the material with dislocation cells – before measurements. The quasi-static 
hysteresis determinations are displayed in Fig. 7. The hysteresis loops for the strained 
material display a “bulging” in the vicinity of the coercive field, which is characteristic of 
the presence of residual compressive stresses. It was supposed that such residual stresses 
should not be present in the case of industrial samples, and subsequently these hysteresis 
loops were modified by suppressing the bulging before feeding them into Jiles-Atherton’s 
model. 

       
 

Fig. 7. Set of measured minor hysteresis loops for bulk (left) and strained (right) DP steel sample 

For the Zn layer– or rather Zn with a few %Al – a conductivity of 11 106S/m was chosen. 
The magnetisation frequency was set at 200 Hz and the eddy-current pick-up frequency at 
50 kHz.  
The modelling predicts a rotation of the droplet and a decrease of the amplitude as the Zn 
coating thickness increases, as illustrated in Fig.8. The model also predicts that Hcµ and 
DH50 values don’t depend significantly on the Zn coating thickness. 
 

      
Fig. 8. Expected droplet orientations in impedance plane for several Zn coating thicknesses(left), and 

evolutions of incremental permeability and droplet orientation with Zn coating thickness (right) 

3.2 Experimental results 

The experimental procedure used a standard galvanized Zn coated Dual-Phase steel sample, 
carefully chosen for its flatness, in order to avoid as much as possible issues with stresses, 
e.g. bending with the weight of the measurement head. Coating measurements were 
performed at the pick-up coil position on the samples, with the reference X-Ray 
fluorescence technique, which yields a coating weight in g/m², with 1 µm Zn coating 
thickness corresponding to 7 g/m². 5 measurements on each side were performed and 
averaged to provide the reference value. Then the 3MA measurements were completed, 
before proceeding to the following coating removal. 
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The Zinc coating was then removed is consecutive steps by chemical etching which appears 
as the best method to avoid inducing any additional mechanical stresses (which would 
increase the dispersion of magnetic measurements). At each step the remaining Zn coating 
thickness was checked on both sides with the average of 5 measurement points, and 3MA 
measurements were performed. Fig. 9 displays the incremental amplitude variation and the 
droplet angle rotation vs the coating weight for the 10 measurement points between 0 and 
78 g/m² (thicknesses between 0 and 10.5 µm approximately). The references were set for 
each side after total removal of the Zn coating, i.e. 100% amplitude and 0° rotation.  
 

 
 

Fig. 9. Effect of Zn coating weight on droplet rotation (left)  
and on relative drop in incremental permeability amplitude (right). 

3.3 Discussion  

When looking at the experimental results from the graph in Fig.9, two Zn coating weight 
ranges should be considered:  For weights in excess of 10 g/m² (1.5 µm in thickness) – the droplet rotates at a rate 

of 1.3° per removed µm and the relative amplitude drops at a rate of 0.32% per 
removed µm. Going back to the models, the droplet rotation prediction of 1.5° per 
removed µm matches rather well with the measured value, but the amplitude drop 
significantly is significantly higher than reality: 1.3% per removed µm. A possible 
explanation could lie in the fact that the Zn layer could be less conductive than 
expected, due to its work-hardening resulting from the skin-passing process. More 
hypotheses should be tested before concluding on this aspect. 
In parallel, in this range of Zn coating weights, the measured Hcµ and DH50 
variations are negligible, in agreement with the predictions the prediction that these 
values don’t depend on the Zn coating weight.  For coating weights less than 10g/m², an apparent gap with the preceding trends is 
observed on the graphs in Fig.9. Also, the measured Hcµ and DH50 values show a 
moderate yet significant drop, which is not predicted by the modelling. This 
suggests the coating/steel interface impacts significantly the measurements. 
Discussions with galvanizing specialists confirmed that at the interface between the 
skin-passed layer and the coating (composed of Zn with a small fraction of Al) lies 
a very thin layer of a Fe2Al 5 intermetallic compound. Data for conductivity and 
magnetic behaviour of this compound couldn’t be found in literature, and 
subsequently couldn’t be considered in the model description of the material. 
Moreover, it is likely that a local modification of the skin-passed layer is associated 
with the presence of the intermetallic compound, which also induces a modification 
of the local electromagnetic behaviour. 
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4 Conclusion 

The encouraging modelling results vs experiments confirm that with Cedrat’s new 64-bit 
version of Flux 2D, simulating the 3MA’outputs is now at maturity level from the 
numerical point of view. However a full understanding of the 3MA signals will require 
significant improvements in the materials description: properties of the Zn coating; 
properties at the interface between Zn coating and skin-passed layer; thickness and 
electromagnetic properties of the skin-passed layer itself. 
From the industrial point of view, the values found show that the potential 3MA outputs 
variations linked to possible Zn coating variations are significantly lower than the typical 
the typical repeatability of 3MA measurements. Therefore Zn coating thickness corrections 
are only needed at the level of the 3MA’s set-ups. Such a use is considerably simpler than 
having to implement a dynamic correction provided e.g. by on-line Zn coating weight 
gauges based on X-ray fluorescence. 
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