
 

 

FACULTY OF ENGINEERING AND SUSTAINABLE DEVELOPMENT 
Department of Building, Energy and Environmental Engineering 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Non-destructive testing of thin strip material 

Implementation of the 3MA technique at a steel producing company 

Jon Mikel Lizarralde 

2017 
 

Student thesis, Master degree (one year), 15 HE 
Energy Systems  

Master Programme in Energy Systems 
Course: 2016/2017 

 
Supervisor: Hans Wigö 

Examiner: Alan Kabanshi 



 

 



 

 

PREFACE 

The present thesis is the final work of my Master studies at the University of Gävle. It was 
performed in collaboration with AB Sandvik Materials Technology during the spring of 2017 
and constitutes the documentation of my research in micro-magnetic non-destructive testing. 

My previous industrial engineering studies in Spain have been the product of the strong 
motivation I had in projects related to electricity and electromagnetism and the key to being 
encouraged to apply for this project. This year I am taking part in an international mobility 
program, and I very much appreciate the opportunity I had to carry out this study. Therefore, I 
would like to thank all the people who helped me in my work. 

First of all, I would like to thank the Energy Systems program director Nawzad Mardan for his 
help during the project's application procedure, and my supervisor at the University Hans Wigö 
for his work revising my thesis. 

I would also like to express my sincere gratitude to all Sandvik's employees that have been in 
contact with me for accepting me as one of their own, and especially to the ones more 
involved in the project: Anette Sjöberg, Sara Wiklund, Anders Hoel, and my supervisor, Johan 
Hansson. 

Finally, I extend my deepest thanks to all my friends both in Spain and Sweden, my family and 
my lovely girlfriend, Ane Miren, for their essential support. 

Sandviken, 24th May 2017 

Jon Mikel Lizarralde 

 

  



 

 

ABSTRACT 

This study is an initial attempt to investigate the possibility of substituting conventional 
laboratory destructive testing techniques at Sandvik's strip steel production facilities with the 
3MA (Micro-magnetic Multi-parameter Microstructure and Stress Analysis) NDT (non-
destructive testing) technique. The interest for the research comes from various problems 
with the actual destructive testing method. Sandvik manufactures thin strip steel (among 
other products) and controls the quality of its product by taking samples from the ends of the 
strip and measuring the sample's material properties in a separate laboratory. Hence, the 
sample preparation process is time and material consuming, and the results obtained from the 
laboratory measurements are not always representative of the real values along the whole 
length of the strip (usually several kilometers). 

Therefore, the present project involves the correlation between three material properties 
(Vickers hardness, tensile strength and carbide density) and a selection of micro-magnetic 
parameters measured with the 3MA-II equipment manufactured by the Fraunhofer IZFP 
institute. The 3MA-II system is based on four measuring techniques (harmonic analysis, 
magnetic Barkhausen noise, incremental permeability and Eddy current testing) and is capable 
of recording up to 41 micro-magnetic parameters. Samples of two different steel grades 
(composition) were used in the study. 

The results for hardness and tensile strength (average relative errors of 1.04% and 0.78%, 
respectively) corroborated the applicability of the 3MA technique to steel strip inspection. 
Thus, the implementation of this technique would lead to an improvement in the company's 
energy efficiency and sustainability. However, finding a good correlation between micro-
magnetic parameters and material properties is not always possible and, in the case of carbide 
density, no reliable correlation was achieved. So, further experiments are proposed for future 
studies regarding carbide density and other material properties. 

Keywords: Non-destructive testing, 3MA, steel strip, process monitoring and control, energy 
efficiency, sustainability, hardness, tensile strength. 

 

 

  



 

 

NOMENCLATURE 

Latin 

Symbol Description Unit 

B Magnetic flux density or magnetic induction T 
H Magnetic field strength A · turn · m-1 
I Electric current A 
L Length m 
N Number of turns in a coil unit less 

Greek 

Symbol Description Unit 

μ Magnetic permeability H · m-1 

Abbreviations and Acronyms 

Letter Description 

3MA Micro-magnetic Multi-parameter Microstructure and Stress Analysis 
DB Database 
DSP Digital Signal Processor 
ECT Eddy Current testing 
EM Electromagnetic 
HA Harmonic Analysis 
IP Incremental Permeability 
MBN Magnetic Barkhausen Noise 
MMS Modular Measurement System 
NDT Non Destructive Testing 
TCP/IP Transmission Control Protocol / Internet Protocol 
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1. INTRODUCTION 

1.1. Background of the Master Thesis 

Living in a world with increasing population and wealth, global energy use is rapidly increasing 
from year to year. In this context, global warming has become a serious issue in the 21st 
century, since 80% of the total energy use in the world comes from fossil fuels [1]. There is no 
doubt about the fact that the utilization of fossil fuels strongly contributes to aggravate the 
consequences of the global warming phenomena. Therefore, there is a need for reducing the 
global fossil fuel consumption. To achieve a significant reduction in the use of these resources, 
a good start would be to focus on the sectors that use more non-renewable energies. 

Related to this, it turns out that the industrial sector accounts for approximately 30-40% of 
global energy use and also for 80% of the global coal consumption, producing massive 
amounts of CO2 and increasing the anthropogenic impact on the environment. In the case of 
Sweden, 38% of the total energy use is due to industrial activities, which means that around 
140 TWh are used every year to manufacture products that constitute the basis of many 
countries' economic development [2]. 

In addition to global warming issues, continuously rising energy prices, the uncertainty about 
future energy prices and globalization make the concept of energy efficiency more important 
than ever before. Consequently, companies within the industrial sector know that their 
competitiveness strongly depends on their energy efficiency, being a key factor to achieve a 
significant competitive advantage over all other firms and to produce goods in a more 
environment-friendly way [3]. 

Connected to this, the present document constitutes the report of the Master's thesis “Non-
destructive testing of thin strip material” performed in the Swedish company AB Sandvik 
Materials Technology and is linked to future energy efficiency measures achievable by the 
substitution of destructive testing by non-destructive testing (NDT) techniques for controlling 
and monitoring material properties of the produced strip steel. In other words, for more 
efficient production, destructive laboratory testing of strip steel (sometimes laborious and not 
representative of the real parameters along the total length of the strip, since samples can 
only be taken from the ends of the strip) would be substituted by NDT techniques that permit 
a better monitoring of the process. Besides, not only better control of steel's material 
properties would be possible, but also avoiding material and time-consuming sample 
preparation, which leads to a better overall efficiency. 

Among the different NDT techniques available in the market, Sandvik decided to use 
equipment manufactured by the Fraunhofer IZFP institute, based on the 3MA (Micro-
magnetic Multi-parameter Microstructure and Stress Analysis) technique. So, the equipment 
used during the development of the project was the 3MA-II system shown in Figure 1-1. 
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Figure 1-1: 3MA-II system: 3MA-II front-end (left), test sensor (middle) and control PC (right) [4]. 

This equipment combines four different magnetic testing techniques: Field harmonics (HA), 
Barkhausen noise (MBN), incremental permeability (IP) and Eddy current testing (ECT). As 
shown in Figure 1-2, the equipment is able to record up to 41 micro-magnetic parameters: A3, 
A5, A7, P3... from field harmonics; Mmax, Mmean... from Barkhausen noise, etc. 

 
Figure 1-2: View of the QUALIMAX DAQ module, part of the MMS software bought together with the 3MA-II system [4]. 

Once the equipment is properly calibrated it is possible to determine in a non-destructive way 
some material properties of the steel, such as hardness, tensile strength, carbide density, etc. 

41 micro-magnetic parameters 
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thanks to a polynomial relationship (between the material properties and the 41 micro-
magnetic parameters) obtained during the calibration process. 

In order to calibrate the equipment, a calibration database must first be created, measuring 
some reference samples whose material properties have been previously determined by 
destructive methods in a laboratory. Then, the MMS software itself determines the 
coefficients of the polynomial automatically using a regression model (through a least square 
fit algorithm). 

Therefore, the goal of this project is to draw connections between material properties and 
micro-magnetic parameters in order to study if it is possible to replace destructive methods 
with NDT methods in future. If possible, this change would produce an increase in the energy 
efficiency of the company, together with an improvement in its sustainability, fighting against 
the vast consequences of global warming. 

1.2. Literature review 

In this chapter a literature review of the 3MA technique takes place. The chapter is divided 
into two subchapters: “Background of the 3MA technique” and “Applications of the 3MA 
technique”. 

First of all, it is worth mentioning that the following databases were used for the literature 
review: Discovery, Google Scholar, Academic Search Elite, Science Direct, IEEE Xplore and 
SrpingerLink. The searching was limited to academic/peer-review articles when possible, and 
the following key words were used: NDT, NDE, non-destructive testing, steel, Barkhausen 
noise, Eddy current, harmonic analysis, material properties, magn*, magnetic parameters, 
magnetic properties, 3MA, Fraunhofer, hardness, yield strength. 

1.2.1. Background of the 3MA technique 

The 3MA technique has its practical origin in the German nuclear safety program. As the 
construction of new nuclear reactors in Europe decreased substantially after the 1970s, there 
was need for creating a plant lifetime management system so that it would be possible to 
know how long the components of the reactors would be able to continue in operation in a 
safe way [5]. As NDT techniques such as 3MA were key technologies in this aspect, they were 
further developed in the last two decades (both by national and international programs) [5-7]. 
The need of a multi-parameter approach came from the complexity of microstructures and the 
superimposed stress sensitivity [6]. 

Despite the 3MA method has received some critics regarding the huge calibration efforts 
required and problems generated when a sensor has to be replaced, the 3MA is a mature 
technology and the actual emphasis of R&D is to generalize the calibration procedures [6]. 

In addition, it is worth mentioning that nowadays there is an increasing need for the 3MA 
technique, due to the current high competition within manufacturing industry that forces the 
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companies to offer a broad range of products, which require high complexity processes that 
must be developed within tight deadlines [8]. 

1.2.2. Applications of the 3MA technique 

As micro-magnetic properties and mechanical properties of materials are influenced by the 
same microstructure parameters (lattice defects), the 3MA technique can be successfully used 
in a wide range of applications, such as steel strip inspection and heavy plate inspection in 
steel industry, car engine cast-testing and wheel bearing testing in automotive and machining 
industry, material aging in nuclear power industry, etc. (see Figure 1-3 for application 
examples) [5, 6, 8, 9]. However, the application of 3MA techniques is restricted to 
ferromagnetic materials and materials with ferromagnetic phases [5, 9]. 

Regarding the present project, the use of the 3MA technique was oriented to the steel 
industry. So, previous similar studies were analyzed. For instance, [5] showed that 3MA 
technique was applicable to predict the yield strength of cold rolled steel strips into a hot dip 
galvanizing line from the company Thyssen-Krupp, achieving a prediction accuracy of ±3% 
compared with the destructive test values. However, similar experiments in [6] presented 
residual standard errors in the range 4-7 %, which creates uncertainty about the exact 
accuracy achievable by this method. Nevertheless, the accuracy obtained is good enough for 
most applications. In fact, more than 100 installations are actually using the 3MA-II system in 
different industrial areas [6]. Related to this, [5] also suggests that the 3MA tools can be 
successfully applied in industrial environments even under disturbing influences. 

Hence, the 3MA is a mature technology, constituting a powerful tool with many different 
applications within the industry. However, despite the fact of being a mature technology, 
there was yet lack of information about how high the applicability of this technique would be 
to a particular case (the strip steel production lines at Sandvik AB). Thus, it is the uncertainty 
created by the lack of knowledge which turns out to be the main motivation to perform the 
present study. 

 

Figure 1-3: 3MA applications: 3MA in-line inspection system (left) and 3MA with a robot in a strip line (right) [6, 8]. 
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Finally, note that no physical principles of the harmonic analysis, Barkhausen noise, 
incremental permeability and Eddy current testing used in the 3MA technique have been 
treated in this chapter. They have been included in chapter 2 (Theory) instead, together with a 
literature review corresponding to each physical phenomena. 

1.3. Objectives and limitations 

The major aim of the project is to analyze if it is possible to substitute conventional destructive 
testing techniques with the 3MA NDT technique. 

In order to replace the destructive techniques by the 3MA technique, a good correlation 
between the micro-magnetic and mechanical parameters of the material is required. Thus, the 
main objective can be divided into several individual objectives, for instance: 

x Selection of the most relevant material properties for each steel grade (composition). 

x Investigate how the 3MA-II system works and which would be the best ways to make the 
measurements in the present study: 

9 Get familiar with the software. 
9 Decide the setup parameters of the system for each steel grade. 
9 Design a standardized way to make the measurements. 
9 Collect and sort the samples to analyze. 
9 Select the samples to be included in the database to calibrate the system. 
9 Measure samples that were not used to calibrate the system. 
9 Optimization of the polynomials used for the measurements by selecting the right 

amount of parameters and modifiers allowed within the polynomials. 

x Analysis and evaluation of the results and study of the applicability of the 3MA technique 
for each parameter and steel grade. 

x Give recommendations for a future extended study. 

Despite the high number and complexity of the aims stated above, it is important to have in 
mind that the project also has some limitations, such as the amount of time available, physical 
limitations of the equipment used, limitations of sample availability and so on. 

For further description of the limitations of the used method please refer to the chapter 3.5. 
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2. THEORY 

The aim of this chapter is to serve as a basis to help the reader to understand the basics of the 
principles of operation and the four techniques (HA, MBN, IP, ECT) used by the 3MA-II system. 
As a deep analysis of each of these techniques would exceed the present scope of the thesis, 
only a brief introduction to each of them is given. For further explanations, please refer to the 
literature stated in the bibliography. 

2.1. Introduction to ferromagnetic materials and electromagnetism 

In order to understand the basics of electromagnetism theory, the following definitions are 
given in first place: 

x Magnetic field strength (H): It corresponds to the externally applied magnetic field 
and its value is given by the Equation 2-1 if the magnetic field is generated by means 
of a cylindrical coil consisting of N closely spaced turns having a length l and carrying a 
current of magnitude I [10]. 

𝐻 = 𝑁 ∙ 𝐼
𝑙  [𝐴 ∙ 𝑡𝑢𝑟𝑛 ∙ 𝑚−1] 

Equation 2-1: Definition of magnetic field strength [10]. 

x Magnetic flux density or magnetic induction (B): Represents the magnitude of the 
internal field strength within a substance that is subjected to an H field [10]. 

The relationship between the variables B and U in a material is given by Equation 2-2, 
μ being the permeability [H/m] of the material. In vacuum, μ is constant with a value 
of 𝜇 = 𝜇0 = 4𝜋 ∙ 10−7 [𝐻/𝑚]. 

𝐵 = 𝜇 ∙ 𝐻 [𝑇] 

Equation 2-2: Relationship between magnetic induction and magnetic field strength [10]. 

x Ferromagnetic material: A material that possesses a permanent magnetic moment in 
the absence of an external field and manifests a very large and permanent 
magnetization is called ferromagnetic material. Examples of ferromagnetic materials 
are iron, cobalt, nickel and some rare earth metals [10]. 

Ferromagnetic materials are composed of small volume (usually microscopic) regions called 
domains, where all dipole moments are aligned. These different domains are separated by 
domain walls and usually have different directions of magnetization (see Figure 2-1) [9, 10]. 
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Figure 2-1: Ferromagnetic domain pattern on a single crystal platelet of nickel [4] 

When the material is initially unmagnetized, the vector sum of the magnetizations of all 
domains is zero. The flux density, permeability, and the domain configuration during several 
stages of magnetization as the magnetic field strength increases up to the saturation point are 
shown in Figure 2-2. Note that all domains are aligned at the saturation point [10]. 

 
Figure 2-2: B-H relationship, permeability and domain configuration for H values from zero up to the saturation of 
the material [10]. 

If the field strength (H) is now reduced from the saturation point down to zero, the curve does 
not retrace its original path and a hysteresis cycle as the one in Figure 2-3 is generated. This 
characteristic of the ferromagnetic materials constitutes the basis of the most relevant 
physical principles used by the 3MA-II system [10]. 
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Figure 2-3: Hysteresis loop of a ferromagnetic material (solid line) and its initial magnetization (dashed curve) [10]. 

2.2. Principles of operation of the 3MA-II system 

The 3MA-II system combines four different techniques (HA, MBN, IP, ECT) using a single test 
sensor1 as the one represented schematically in Figure 2-4. All 3MA techniques are based on 
the cyclic magnetization of a certain material volume that will be characterized [9]. 

 

Figure 2-4: 3MA test sensor operating mode [4]. 

As the U-shape yoke and the ferromagnetic material sample that is going to be measured (test 
specimen) form a closed2 magnetization loop, an alternating magnetic field (with frequencies 

                                                           
1 See Method chapter for a further explanation of the used equipment. 
2  Direct contact sensor-sample is not compulsory, being possible a lift-off up to 3 mm. 
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from 10 Hz to 1 kHz) can be easily applied to the material thanks to the electric current 
circulating through the yoke coil. The response of the material to this magnetic field tangent to 
the sample’s surface is perceived in the magnetic field sensor, which sends the obtained data 
to the control PC [4]. 

2.3. Harmonic Analysis (HA) 

When a sinusoidal voltage is applied to the yoke coil of the test sensor, the hysteresis loop of 
the sample under examination disturbs the amperage trough the yoke coils, making it non-
sinusoidal. Thus, the magnetic flux density (B) will be sinusoidal, but not the magnetic field 
strength tangential to the samples’ surface (H) (see Figure 2-5) [4]. 

 

Figure 2-5: Magnetic flux density (B), tangential magnetic field strength (H) and harmonic wave portion signal  
(HtOW) [4]. 

According to Fourier’s theorem, any periodical signal can be viewed as a linear composition of 
sine waves (see Figure 2-6). 

 

Figure 2-6: Example of application of Fourier’s theorem. A periodical signal (in red) is approximated by the sum of 
six sine functions of different amplitudes and harmonically related frequencies (Fourier series). The Fourier 
transform (in blue) reveals the amplitude and frequency of each of the six sine waves. 
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Thanks to the application of this theorem to H(t), the 3MA-II system is able to obtain the 
amplitudes and phases of the harmonics 3, 5 and 73 [9]. These 6 parameters (A3, A5, A7, P3, 
P5, P7) together with other 5 parameters (Hco, Hro, UHS…) are the micro-magnetic 
parameters used by this technique. Please refer to Appendix A for the complete list of 
parameters used by the four physical principles in the 3MA technique. 

2.4. Magnetic Barkhausen Noise (MBN) 

When the magnetic field tangential to the test specimen surface causes the movement of the 
domain walls in the ferromagnetic material, the domains aligned close to the field direction 
grow and MBN is produced [11, 12]. 

As described in [13], "Magnetic Barkhausen noise (MBN) is the result of discrete magnetization 
jumps during the magnetization process of a material and a measure of the energy necessary 
to nucleate or annihilate magnetic domains and overcome obstacles in magnetic domain wall 
propagation, such as crystal defects, grain misorientation, grain boundaries, impurities and 
dislocations". 

This MBN is felt by the magnetic field sensor and is filtered using band-pass filters. Thereafter, 
the signal is rectified including post-amplification and signal smoothing (see Figure 2-7) and 
used to determine the 7 micro-magnetic parameters corresponding to MBN (see Appendix A) 
[4]. 

 

Figure 2-7: Representation of the shape of the signal obtained by the MBN analysis (below), together with the 
hysteresis loop where the signal comes from (above) [4]. 

                                                           
3 Due to the symmetry of the hysteresis loop, only odd-number harmonics are excited [4]. 
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So, MBN is a complex phenomenon that provides an effective non-destructive testing 
technique for determining residual stress in steel [12]. However, there are some limitations. 
For instance, "the stress evaluation using Barkhausen noise is complicated due to 
superposition of the effects of various microstructural and physical features on the stress-
response to magnetic Barkhausen noise signal" [11, 12]. 

In fact, [11] states that the MBN response to stress was significantly influenced by changes in 
the amount of carbon and the level of flux density in the samples. Besides, according to [13] 
MBN also depends on grain size and strain, being lower with increasing grain size and 
increasing with strain. 

In addition, it is to say that "its application is limited by the still unresolved issue of decoding 
the MBN signature of a material with respect to these microstructural features in a 
standardized manner" [13]. Nevertheless, it is still a powerful tool for non-destructive material 
characterization (see [14]) and was constantly used during the Master's thesis. 

2.5. Incremental permeability (IP) 

An incremental permeability measurement system usually consists of two units, an 
electromagnet that applies an alternating magnetic field and an ECT system that applies 
another alternating magnetic field with different amplitude and frequency. The superimposed 
effect of the alternating fields from the electromagnet and from the applied Eddy current 
produce small internal hysteresis loops, whose slope produce the incremental permeability 
data (see Figure 2-8) [4, 15]. 

 

Figure 2-8: Incremental permeability. Hysteresis cycle with higher frequency internal hysteresis loops (above) and IP 
profile curve μ(H) (below) [4]. 
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The aim of this technique is to measure the reversible portion of the temporary magnetization 
variations. This can be achieved by applying an Eddy current with much higher frequency than 
the frequency of the voltage in the excitation electromagnet [4, 9, 15]. 

This technique is applicable to evaluate material’s degradation and for the characterization of 
near-surface material properties such as residual stresses, since the interacting volume depth 
is similar to the one for MBN (approximately 1 mm) [4, 15]. Besides, the evaluation of the 
materials' properties can be successfully performed even under high-disturbed industrial 
environment [9]. 

2.6. Eddy Current Testing (ECT) 

The Eddy current inspection system is based on Faraday’s electromagnetic induction law. 
When the Yoke coil of the test sensor is excited by a sinusoidal voltage, an alternating EM field 
is generated on its proximities. If the test sensor is placed near to the steel sample, this 
alternating EM field (primary field) penetrates the material and generates circular Eddy 
currents (see Figure 2-9). These induced currents create a secondary magnetic field that tends 
to oppose the primary field, producing a change in the impedance of the coil [4, 16, 17]. 

 

Figure 2-9: Eddy current testing on a ferromagnetic material sample [16] 

The impedance of the coil is a complex number and its real and imaginary parts, magnitude 
and phase are measured. As the 3MA-II equipment is provided by a multi-frequency ECT 
system, 4 different impedances (one for each frequency) can be measured at the same time, 
which give the 16 micro-magnetic parameters shown on Appendix A [4, 16, 17]. 

The properties of Eddy currents are dependent on the applied voltage frequency and on the 
conductivity and permeability of the inspected material. Thus, this technique is profusely used 
for crack detection and for metallographic and mechanical tests. Skin depth measured with 
ECT usually amounts only a few tens of a millimeter [4, 16, 17]. 
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3. METHOD 

The research strategies used in the study are all quantitative methods. The present Master's 
thesis constituted an exploratory case study, i.e. a pilot study that will evolve to an extended 
study. The study was based on experimental research methods, testing hypotheses through 
controlled tests. For example, a hypothesis could be that the influence of the sample thickness 
on the values of the calculated mechanical properties can be neglected if the variation of the 
values is below 5%. The validity of the different hypotheses was thereafter determined 
contrasting the hypotheses with the results obtained. 

3.1. Equipment 

The 3MA-II system used in the study was manufactured by the Fraunhofer institute for NDT 
and consisted of a 3MA-II front-end, a 3MA-WPM/HF test sensor and a standard control PC 
(see Figure 3-1). 

 

Figure 3-1: Equipment used in the study. 3MA-II front-end, 3MA-WPM/HF test sensor and standard control PC. 

The 3MA-II system was developed so that its hardware and software have modular structure. 
This offers the possibility of exchanging hardware components and upgrading the system in a 
simple way. However, there was no need for such upgrade during the study. 

As mentioned in the introduction chapter, the 3MA-II system is capable of measuring 41 
micro-magnetic parameters recording all these values quasi-simultaneously. The parameters 
used in the study were measured thanks to the signals detected by the 3MA test sensor, which 
were thereafter converted from analog to digital and further processed (in an integrated DSP) 
at the 3MA-II front-end unit. The acquisition, presentation and archiving of the data took place 
in the control PC, being the interface between the front-end and the control PC a standard 
Ethernet connection (TCP/IP). This connection is shown in Figure 3-2 [4]. 

Steel sample  

Non-magnetic 
material table  

Control PC  

Sensor placed in its holder 

3MA-II front-end  



 

 

 

14 

 

Figure 3-2: Back side of the 3MA-II system front-end unit. Heat dissipator and connections. 

It is also worth mentioning that the front-end had a supplementary interface to control 
manipulator-driven test sensors (see Figure 3-2). Nevertheless, no automated manipulators 
were used for economic reasons, so the test sensor was manually placed on the surface of 
each sample as depicted in Figure 3-3. In order to minimize the tilt error when measuring 
different samples, a plastic adjustable holder was built so that the test sensor would always 
stand with its longitudinal edge perpendicular to the sample’s surface. 

 

Figure 3-3: 3MA test sensor placed vertically (with a plastic holder) in the middle of a sample. 

As mentioned before, the test sensor used in this project was the 3MA-WPM/HF. This sensor is 
suitable for surfaces with curvature radius higher or equal to 15mm and permits a lift-off up to 

Power supply  

Main switch  

Additional interface 

Ethernet connection  

Heat dissipator  

3MA test sensor  

Plastic holder  
Steel sample  
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3 mm, i.e. it can work without physical contact with the sample, if needed. A picture of the 
sensor is given in Figure 3-4. For the operating principles of the sensor, please refer to page 8. 

 

Figure 3-4: 3MA-WPM/HF test sensor. Real picture (left) and schematic representation (right) [4]. 

3.2. Software 

The acquisition, presentation and archiving of the data took place in the control PC. For this 
purpose, the MMS (Modular Measurement System) software (version 2.81, running in 
Microsoft Windows XP®) was used. The software was developed by the Fraunhofer institute 
and is LabVIEW® based. 

The MMS offers three different access levels (service, supervisor and user) regarding the 
configuration, display and notification rights. In order to have access to the maximum amount 
of configuration parameters possible, the service level (highest access level) was selected for 
the study. 

The software contains several modules and can be easily extended to include custom-specific 
modules upon request. Some modules are part of the standard delivery package and others 
may be purchased separately. The modules already included in the software (available in the 
MMS main window if the “simple controller” is selected) when the system was bought are 
described in Table 3-1 (see next page). 

The detailed procedure followed during the use of the MMS software is described in Appendix 
B. 
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Table 3-1: Modules included in the software when it was bought. 

Module name Driver avail. Used Description 

3MA DAQ Yes Yes 
Representation of 41 test parameters and test 
data curves, adjustment of setup parameters 

3MA Display-8 No No (Not available in the user manual) 
Data Processor Yes No Same as QUALIMAX Processor 
Linear Scan Display Yes No (Not available in the user manual) 
Logfile Writer Pro Yes No Saving of test data 
Maxon EPOS Yes No (Not available in the user manual) 
Polynomial Processor Yes No (Not available in the user manual) 
QUALIMAX DAQ Yes No Same as 3MA DAQ. 
QUALIMAX Display 15 No No (Not available in the user manual) 
QUALIMAX Processor Yes Yes Load polynomials obtained from calibration 
Recognizer No No Calibration with pattern recognition 
Recorder Yes Yes Measurements for calibration database 
Result display Yes Yes Display up to 4 test results (material properties) 

3.3. Samples analyzed 

The samples analyzed in the study were all thin strip steel samples, similar to the one in Figure 
3-3. They were collected from the production facilities and destructively tested in a laboratory 
between November 2016 and the start of the project (February 2017). Thus, some small pieces 
were cut from them. For instance, note the hole in the sample in Figure 3-3, originated from 
the preparation of a specimen for a tensile test. All the data obtained from the laboratory was 
thereafter stored in a database (PIX), serving as reference for the calibration of the 3MA-II 
system. 

The approximate dimensions of the samples were 470 x 330 mm, with different thicknesses 
(all of them below 1 mm) depending on the lot number. The samples used were divided into 
two different steel grades4, Sandvik 7C27Mo2 (86 samples) and Sandvik 13C26 (96 samples). 
The chemical composition of the steel for each grade is given in Table 3-2, while the full list of 
used samples is available in the Appendix C (Table C - 1 and Table C - 2). 

Regarding the designation of the samples, Figure 3-5 shows the method used to keep the 
tracking of all samples. As illustrated in the figure, each sample had its lot number marked, 
together with the band number (see Figure 3-6 to understand the meaning of the band 
number). Sometimes the steel grade and thickness were also directly stated in the sample. 

                                                           
4 Steel grades are used to classify various steel types by composition and physical properties. 
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Table 3-2: Description of the steel grades of the samples used in the study. 

Grade Description Applications Chemical comp. 

Sandvik 7C27Mo2 Martensitic stainless 
chromium steel alloyed 
with molybdenum 

Flapper valves for 
compressors, electric 
shavers, springs 

C: 0.38 % 
Si: 0.4 % 
Mn: 0.6 % 
P:  ≤ 0.025 % 
S: ≤ 0.010 % 
Cr: 13.5 % 
Mo: 1 % 

Sandvik 13C26 Martensitic stainless 
chromium steel 

Razor blades, surgical 
and industrial knives 

C: 0.68 % 
Si: 0.4 % 
Mn: 0.7 % 
P:  ≤ 0.025 % 
S: ≤ 0.010 % 
Cr: 13 % 

 

 

Figure 3-5: Sample placed in the table used for the measurements. The lot number, band number, thickness, steel 
grade and position of the test sensor during the measurements were stated with ink over the sample's surface. 
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Figure 3-6: Example of denomination of four samples from the lot 12345. 

As mentioned before, the meaning of the band number can be understood looking at Figure 
3-6. During the inspection process of the strip, the produced strip coils were inspected for each 
lot. From each coil/strip two samples were cut, one at the beginning and another at the end of 
the strip. So, the band number (for example 2x) gives information about the strip (12345-2) 
and strip end (x = inner end) the sample belongs to. If the strip was accidentally broken during 
the inspection, letters were introduced in the band number field. So, if the strip of the 
example with samples “12345-1i” and “12345-1y” broke, it would be divided into two new 
strips with samples “12345-1i”, “12345-1Ay”, “12345-1Ai” and “12345-1y”. 

3.4. Procedure followed during the project 

In this chapter, the chronological steps taken during the project are described. Note that due 
to the fact of the project being an exploratory case study, the applied procedure was not clear 
from the beginning. So, the details of each experiment in the study were the immediate 
consequence of the results obtained in the previous experiment (see Figure 3-8 on page 21). 

In order to make the report more clear and easy to understand, the procedure from the 
beginning of the project up to the end of the first experiment (hardness measurement) is 
described, while the details of the rest of the experiments are given in the results chapter 
(since all experiments follow the structure shown in Figure 3-8). To better understand the 
steps followed during the usage of the MMS software, please refer to Appendix B. 

When the study started in February 2017, a short literature review was made in first place, in 
order to get familiar with the basics of non-destructive techniques and have a broad 
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perspective of the project. Later came a period of training on the 3MA-II system, reading the 
user manual and thinking about how strip steel samples should be measured. This step 
included understanding how to use the different modules of the MMS software, deciding 
which modules should be used and trying to perform some trial tests. 

Once the operation of the 3MA-II system was clear, some relevant samples were collected 
from the laboratory and were sorted by steel grade and lot number. As the selection of 
relevant material properties to analyze was not clear yet, Vickers hardness was selected as 
starting point, since this parameter has already been proved to correlate well by many 
authors. 

Regarding the position of the test sensor, a plastic holder was then built for it, so that its 
inclination with respect to the sample would be always the same. As there was no information 
about the point in the sample where hardness had previously been measured in the 
laboratory, it was decided to measure all samples in its central point. So, the central position 
of each sample was marked with ink as in Figure 3-5 (page 17). 

At that stage of the project, it was clear that all samples would be measured in the central 
position, with the test sensor oriented parallel to the steel grains (rolling direction), 
perpendicular to the sample surface and without lift-off (direct contact). 

The samples that would be first measured were the ones of grade 7C27Mo2 and thickness 
0.305 mm because they were the most common ones between all samples available at the 
moment. 

Next step was to decide which setup parameters (magnetization frequency, amplitude…) to 
use for samples of steel grade 7C27Mo2. There were no clear guidelines about which setup 
parameters to use, so the values were selected by trial and error method until the 41 micro-
magnetic parameter values had a range spread enough and the graphic representations of 
these parameters had the shape they were expected to have (see Appendix D for the detailed 
setup values used for each steel grade). 

Once the position and orientation of the test sensor, steel grade, thickness and setup 
parameters were defined, next questions to study were the minimum amount of samples 
required to obtain a good calibration database and the amount of micro-magnetic parameters 
and modifiers allowed within the polynomial expressions for measuring hardness. 

As the 3MA-II system is able to display four test results at the same time, it was proposed to 
test the four different configurations shown in Table 3-3.  

Table 3-3: Four different cases proposed for measuring hardness in 7C27Mo2 samples with 0.305 mm thickness. 

Calib. # /polynomial # 1 2 3 4 
# Samples for calibr. 10 30 30 30 
# Parameters in poly. 10 10 5 5 
# Modifiers in polyn. 2 2 2 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - 
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The idea was then to calibrate the equipment with these four configurations and measure 
some selected samples afterwards. The samples to be included in the database were selected 
so that the hardness range covered would be maximum, avoiding a lot number with special 
numeration. The samples selected are shown in Figure 3-7. 

 

Figure 3-7: Samples available with hardness information, grade 7C27Mo2 and thickness 0.305 mm and samples 
included in the two databases. 

Once the equipment was calibrated with the four configurations, six samples spaced in range 
were measured. The obtained results were then compared with the theoretical values from 
the laboratory, analyzing the relative errors in each case (see results chapter). This analysis 
was the key for the determination of further experiments to be performed, together with the 
study of the applicability of the 3MA technique to hardness measurements in Sandvik’s 
production facilities, which was dependent on the company’s accuracy requirements. 

After measuring hardness, other material properties such as tensile strength and carbide 
density were measured (see results chapter), following the same procedure as for hardness 
(see Figure 3-8 on next page). 

Finally, it is worth mentioning that usually the samples measured once the equipment was 
calibrated had not been included in the calibration database in order to replicate conditions 
more similar to the ones in the steel production facilities. Moreover, when more than one 
software setup was used within one experiment (to make comparisons), the setup change in 
the software took place before measuring each new sample, instead of measuring all samples 
with one setup first and all samples with the other setup later. This practice permitted a 
reduction on some of the different sources of error (positioning, orientation, temperature) 
since each sample was measured with two different setups exactly in the same position, with 
the same orientation and at almost the same period of time. 
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Figure 3-8: Chronological steps followed during each experiment performed in the study. 

3.5. Validity, reliability (repeatability and reproducibility) and measurement uncertainty 
of the method 

As mentioned in the introduction chapter, the 3MA technique is a mature technology with 
proven robustness for many cases and material properties. However, it is true that there are 
some limitations in the applicability of this technique (see Chapter 3.6 ). Thus, in order to have 
some information about the validity, reliability and measurement uncertainty of the used 
method, the measurements in this subchapter were performed. 

With respect to the validity of the method, it is important to notice that the accuracy of the 
3MA method will always be equal or worse than the accuracy of the destructive techniques 
since the reference values for the 3MA method have to be determined in a destructive way. In 
addition, note that the average relative errors calculated in the results chapter were always 
referred to the reference values and not to the real values of the samples’ material properties 
(impossible to be measured with 100% accuracy). 

The reliability of the method can be divided into two terms: Repeatability and reproducibility. 

Measurements performed with Vickers hardness show that the repeatability of the method 
was excellent. A selected sample was measured six times under the same conditions [with the 
calibration configurations in Table 4-5 (page 27)]. The results are shown in Table 3-4. 

  

1. Proposal of 4 cases 
with different # of 

paramaters and 
modifiers

2. Selection of samples to be 
included in the calibration 

database and samples to be 
measured in step 4

3. Calibration of 
the equipment

4. Measurement of 
selected samples

5. Analysis of 
the results

6. Proposal of new 
experiments to improve the 
results or experiments with 

new parameters



 

 

 

22 

Table 3-4: Repeatability test. The sample 63787-1 was measured six times under the same conditions. 

Sample Thickn. Hardn. Poly 1 Deviat. Poly 2 Deviat. Poly 3 Deviat. 

63787-1 0.203 545 539.482 0.118 546.792 0.164 546.912 0.008 
63787-1 0.203 545 539.291 0.309 546.207 0.421 547.663 0.743 
63787-1 0.203 545 539.183 0.417 546.674 0.046 547.134 0.214 
63787-1 0.203 545 539.695 0.095 546.859 0.231 546.626 0.294 
63787-1 0.203 545 540.477 0.877 546.863 0.235 546.859 0.061 
63787-1 0.203 545 539.474 0.126 546.373 0.255 546.324 0.596 

Average value: 539.600  546.628  546.920  
Average of deviations (uncertainty): 0.324  0.225  0.319 

Precision: 0.060%  0.041%  0.058% 

Regarding the reproducibility of the method, it is very important to notice that every time the 
location of the 3MA-II system or the test conditions change a new calibration may be required, 
since the factors described in Chapter 3.6 might have strong influence on the results. As an 
example of this, Table 3-5 shows the results of the measurement of the sample 63564-1 in 
different industrial localizations without recalibrating the system [calibration was performed in 
an office and the parameters were the ones in Table 4-5 (page 27)]. Note that the results of 
the first case (Poly 1) are specially affected by different disturbances since the number of 
micro-magnetic parameters in the polynomial is higher than the one in cases 2 and 3. This 
suggests that increasing the parameter limit of the polynomial is not an issue mathematically, 
but may lead to a loss of the physical meaning of the correlation. 

Table 3-5: Reproducibility test. Results for sample 64564-1 measurements in different industrial localizations. 

Test # Sample Thickn. Hardn. Poly 1 Err. 1 Poly 2 Err. 2 Poly 3 Err. 3 

1 63564-1 0.254 550 536 2.51% 531 3.40% 538 2.25% 
2 63564-1 0.254 550 544 1.10% 555 0.87% 539 2.02% 
3 63564-1 0.254 550 533 3.16% 539 1.93% 535 2.78% 
4 63564-1 0.254 550 530 3.61% 535 2.68% 537 2.37% 
5 63564-1 0.254 550 1391 152.87% 557 1.34% 566 2.99% 
6 63564-1 0.254 550 766 39.29% 546 0.74% 541 1.56% 
7 63564-1 0.254 550 5338 870.62% 727 32.20% 577 5.00% 
8 63564-1 0.254 550 1957 255.91% 596 8.41% 579 5.36% 
9 63564-1 0.254 550 1437 161.22% 583 5.92% 578 5.14% 
10 63564-1 0.254 550 2056 273.73% 590 7.29% 580 5.41% 
11 63564-1 0.254 550 2482 351.34% 627 13.97% 579 5.33% 

 

Test nr. Sample Thickness Theor. Value Poly 1 Rel. Error 1 Poly 2 Rel. Error 2 Poly 3 Rel. Error 3
1 63564-1 0,254 550 536 2,51% 531 3,40% 538 2,25%
2 63564-1 0,254 550 544 1,10% 555 0,87% 539 2,02%
3 63564-1 0,254 550 533 3,16% 539 1,93% 535 2,78%
4 63564-1 0,254 550 530 3,61% 535 2,68% 537 2,37%
5 63564-1 0,254 550 1391 152,87% 557 1,34% 566 2,99%
6 63564-1 0,254 550 766 39,29% 546 0,74% 541 1,56%
7 63564-1 0,254 550 5338 870,62% 727 32,20% 577 5,00%
8 63564-1 0,254 550 1957 255,91% 596 8,41% 579 5,36%
9 63564-1 0,254 550 1437 161,22% 583 5,92% 578 5,14%

10 63564-1 0,254 550 2056 273,73% 590 7,29% 580 5,41%
11 63564-1 0,254 550 2482 351,34% 627 13,97% 579 5,33%

Test nr.
1 Test in an office within the research and development building

Tests performed in an industrial environment:

2 Tube holder table
3 Wooden box under tube holder table
4 Wooden table with wheels and talking on the phone
5 On the air with flexion originated from test sensor's weigth
6 On the air and putting it flat with hands (applying traction)
7 On the air + holding the sensor with hand (not constant lift-off)
8 On the air + lift-off putting 3 A4 paper sheets between the sensor and sample
9 On the air + lift-off putting 3 A4 paper sheets between the sensor and sample + putting it flat with hands

10 Tube holder table + 10 A4 paper sheets (1 mm lift-off)
11 On the air with flexion originated from test sensor's weigth + 10 A4 paper sheets
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Finally, some measurement uncertainty tests were performed considering also the manual 
positioning of the sensor into the uncertainty of the method (see page 28). 

3.6. Limitations of the procedure and the 3MA-II system 

The main limitations when performing the study were the ones listed below: 

x The mismatching between the MMS software user manual and the version of the 
software available. 

x The amount of time to perform the study. 

x Temperature variations might have influenced the values of ECT parameters. 

x Electromagnetic disturbances (noise) and residual magnetism in the samples may have 
affected the values of the MBN technique. 

x Lift-off variations. This was not a true limitation during the project (since no lift-offs of 
the sensor were performed when using the plastic test sensor holder), but constitutes 
a limitation for the future application of the 3MA technique to Sandvik’s production 
facilities (precise test sensor positioning is required if there is no physical contact 
between the sample and the test sensor). 

x The 3MA technique is restricted to ferromagnetic materials and materials with 
ferromagnetic phases. 
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4. RESULTS 

As mentioned in the previous method chapter, the performed study can be divided into 
several experiments, all of them following the procedure in Figure 3-8 (page 21) and each one 
of the experiments being proposed as the immediate consequence of the results of the 
previous experiment. 

Thus, in this chapter, the results for each one of the five experiments in Table 4-1 are shown. 

Table 4-1: List of the five experiments performed, sorted by steel grade and material property correlated. 

Grade 7C27Mo2 Grade 13C26 

Hardness Tensile strength Carbide density 

Exp. 1 Exp. 4 Exp. 5 
Exp. 2   
Exp. 3   

4.1. Experiment 1: Hardness of 7C27Mo2 grade and 0.305 mm thick samples 

The four selected configurations for the calibration of the 3MA-II system that determine the 
shape of each one of the four polynomials built by the software are shown in Table 4-2 
(already introduced on page 19). Remember that two different calibration databases were 
used, one containing 30 samples and another one containing only 10 samples. 

Table 4-2: Experiment 1. Parameters used in the four different calibrations/polynomials. 

Calib. # /polynomial # 1 2 3 4 
# Samples for calibr. 10 30 30 30 
# Parameters in poly. 10 10 5 5 
# Modifiers in polyn. 2 2 2 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - 

The results for the measurements performed on the six selected samples are shown in Table 
4-3.  The selection of the samples was made so that all hardness range was covered. 

Table 4-3: Experiment 1. 7C27Mo2 grade and 0.305 mm thickness samples selected (Sample ID), reference value 
(Hardness [HV]), measured values with the four proposed calibrations (Poly 1-4) and its relative errors (Err. 1-4). 

Sample ID Ref.V. Poly1 Err. 1 Poly 2 Err. 2 Poly 3 Err. 3 Poly 4 Err. 4 

63929-2 528 418 20.89% 488 7.67% 536 1.52% 536 1.59% 
63442-3x 536 473 11.79% 502 6.32% 542 1.08% 546 1.79% 
63786-1x 542 451 16.83% 504 6.94% 543 0.13% 543 0.20% 
63786-2x 551 464 15.84% 504 8.46% 539 2.20% 542 1.69% 
63758-4x 571 489 14.45% 535 6.39% 568 0.60% 569 0.44% 
63758-4 578 485 16.14% 536 7.23% 572 0.97% 575 0.57% 

Average relative error: 15.99%  7.17%  1.08%  1.05% 
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The results are significantly better for the 30-sample calibration database (specially for the 
cases with 5 parameter limit) and look promising. In addition, the average relative error of 
15.99% in the first case suggests that 10 samples are not enough to perform a good 
calibration. Furthermore, a graphic visualization of the accuracy of the four polynomials is 
given in Figure 4-1 and Figure 4-2. 

 
Figure 4-1: Experiment 1. Reference value and values measured with the four proposed calibrations (Poly 1-4) for 
each of the selected samples. 

 

Figure 4-2: Experiment 1. Samples available with hardness information, grade 7C27Mo2 and thickness 0.305 mm, 
samples included in the two databases (30 and 10 sample DB) and results for the six measured samples (Poly 1-4). 

The first experiment showed promising results for samples with thickness 0.305 mm and 
suggested to measure samples with other thicknesses with the same calibration to analyze 
how big the error was. For details about the calibration results, see Appendix E (where R2 
represents the stability index of the correlation, MSE the Mean Square Error and RMSE the 
Root Mean Square Error). 
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4.2. Experiment 2: Hardness of 7C27Mo2 grade and any thickness samples with the 
calibration DB of Experiment 1 

Parameters used for the calibration were the same as in Experiment 1 (see Table 4-2) and the 
obtained results are shown in Table 4-4. 

Table 4-4: Experiment 2. Samples selected (Sample ID), thickness, reference value (Hardness [HV]), measured values 
with the four proposed calibrations (Poly 1-4) and its relative errors (Err. 1-4). 

Sample ID Thickn. Ref.V. Poly 1 Err. 1 Poly 2 Err. 2 Poly 3 Err. 3 Poly 4 Err. 4 

63815-3 0.152 547 523 4.42% 633 15.76% 772 41.08% 790 44.50% 

63643-1 0.152 557 541 2.80% 624 12.05% 760 36.50% 784 40.83% 

63415-1 0.203 548 558 1.84% 599 9.32% 681 24.32% 702 28.05% 

63787-1x 0.203 550 545 0.84% 600 9.05% 690 25.47% 712 29.44% 

63564-1 0.254 550 568 3.29% 578 5.15% 610 10.98% 620 12.73% 

63607-3 0.254 542 573 5.74% 577 6.37% 611 12.77% 620 14.35% 

63784-1x 0.457 589 545 7.45% 518 12.11% 423 28.18% 424 28.01% 

The average relative errors sorted by sample thickness are represented in Figure 4-3.  

 
Figure 4-3: Experiment 2. Average relative error [%] for each calibration and thickness. 

The previous figures show that the errors had a huge variability with sample thickness, 
increasing its values significantly for the cases 3 and 4, as far as the thickness is moving away 
from 0.305 mm (the one used for calibration). Case 2 had a minimum in 0.254 mm and it 
should be around 0.305 mm. This may be casualty since only two samples of this thickness 
were measured. The strange behavior of case 1 is believed not to be representative of the real 
variation of the error with sample thickness since only 10 samples were used for calibration. 

This second experiment suggested making the third one, including samples of different 
thicknesses in the calibration DB. 
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4.3. Experiment 3: Hardness of 7C27Mo2 grade and any thickness samples with a new 
calibration DB 

Experiment 3 was similar to the previous one, but including the seven samples of Table 4-4 
into the 30-sample calibration database. The parameters used in the calibrations and the 
obtained results are shown in Table 4-5 and Table 4-6, respectively. 

Table 4-5: Experiment 3. Parameters used in the three different calibrations/polynomials performed. 

Calib. # /polynomial # 1 2 3 
# Samples for calibr. 37 37 37 
# Parameters in poly. 10 5 5 
# Modifiers in polyn. 2 2 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - 

Table 4-6: Experiment 3. Samples selected (Sample ID), thickness, reference value (Hardness [HV]), measured values 
with the three proposed calibrations (Poly 1-3) and its relative errors (Err. 1-3). 

Sample ID Thickness Ref. Value Poly 1 Err. 1 Poly 2 Err. 2 Poly 3 Err. 3 

63815-2x 0.152 559 550 1.56% 558 0.25% 546 2.36% 

63815-3 0.152 547 555 1.41% 551 0.79% 549 0.35% 

63643-1 0.152 557 551 1.13% 552 0.99% 558 0.11% 

63815-4 0.152 558 550 1.43% 543 2.62% 552 1.04% 

63415-1 0.203 548 550 0.42% 552 0.78% 549 0.22% 

63416-1x 0.203 557 543 2.55% 535 3.95% 542 2.71% 

63787-1x 0.203 550 544 1.09% 544 1.05% 549 0.18% 

63787-1 0.203 545 546 0.20% 544 0.11% 543 0.29% 

63564-1x 0.254 541 556 2.85% 546 0.92% 547 1.05% 

63564-1 0.254 550 536 2.51% 531 3.40% 538 2.25% 

63607-1 0.254 547 553 1.15% 550 0.49% 544 0.49% 

63607-3 0.254 542 540 0.44% 531 2.12% 537 1.00% 

63607-4x 0.254 542 548 1.07% 549 1.24% 541 0.20% 

63929-2 0.305 528 541 2.50% 530 0.40% 537 1.76% 

63442-3x 0.305 536 543 1.38% 537 0.13% 543 1.36% 

63786-1x 0.305 542 542 0.00% 535 1.37% 536 1.18% 

63786-2x 0.305 551 544 1.27% 540 1.92% 543 1.51% 

63758-4x 0.305 571 572 0.14% 560 2.01% 562 1.54% 

63758-4 0.305 578 587 1.49% 565 2.21% 573 0.93% 

63784-1x 0.457 589 591 0.36% 588 0.10% 582 1.21% 

63784-1 0.457 585 585 0.02% 582 0.44% 585 0.07% 

 Average relative error: 1.19%  1.30%  1.04% 

In this experiment the influence of sample thickness was drastically reduced, as shown in 
Figure 4-4. Besides, the average relative error for hardness is below 1.5% in all cases. 
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Figure 4-4: Experiment 3. Average relative error [%] for each calibration and thickness. 

With the aim of improving the knowledge about the 3MA procedure, the standard deviation 
was also calculated empirically for each case. Its values for the cases 1 to 3 are 0.454 HV, 0.449 
HV and 1.631 HV, respectively. Therefore, the precision of each case (0.084%, 0.082% and 
0.299%) has been represented in Figure 4-5, together with the values from Table 4-6. 

 
Figure 4-5: Experiment 3. Average relative error obtained for the cases 1 to 3 and standard deviation (error bars). 

4.4. Experiment 4: Tensile strength of 7C27Mo2 grade samples 

In this experiment the mechanical property to correlate was the tensile strength. The 
configurations selected for the calibration are shown in Table 4-7 and the results for the nine 
measured samples are displayed in Table 4-8 (see next page). 
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Table 4-7: Experiment 4. Parameters used in the four different calibrations/polynomials. 

Calib. # /polynomial # 1 2 3 4 
# Samples for calibr. 38 38 38 38 
# Parameters in poly. 10 5 5 5 
# Modifiers in polyn. 2 2 0 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - - 

Table 4-8: Experiment 4. 7C27Mo2 grade samples selected (Sample ID), reference value (Tensile strength [MPa]), 
measured values with the four proposed calibrations (Poly 1-4) and its relative errors (Err. 1-4). 

Sample ID Ref.V. Poly 1 Err. 1 Poly 2 Err. 2 Poly 3 Err. 3 Poly 4 Err. 4 

63929-3 1723 1731 0.5% 1737 0.8% 1727 0.2% 1726 0.2% 
21000-1196 1739 1726 0.8% 1737 0.1% 1707 1.9% 1700 2.3% 
63607-1x 1758 1760 0.1% 1749 0.5% 1740 1.0% 1744 0.8% 
63786-1 1764 1745 1.1% 1739 1.4% 1742 1.2% 1738 1.5% 
63531-15 1778 1764 0.8% 1758 1.1% 1770 0.4% 1766 0.7% 
21000-1195x 1798 1761 2.1% 1771 1.5% 1775 1.3% 1793 0.3% 
63815-2x 1813 1806 0.4% 1810 0.2% 1812 0.1% 1834 1.2% 
63758-1x 1890 1885 0.3% 1874 0.8% 1875 0.8% 1877 0.7% 
63784-1 1929 1893 1.9% 1900 1.5% 1928 0.1% 1934 0.3% 

Average relative error: 0.87%  0.89%  0.78%  0.86% 

Results for tensile strength are below 1% error in all cases, suggesting that tensile strength also 
correlates well with micro-magnetic parameters. Similar errors were obtained for polynomials 
with 5 and 10 parameters. A graphic representation of the results is given in Figure 4-6. 

 
Figure 4-6: Experiment 4. Samples available with tensile strength information, samples included in the 38-sample 
database and results for the 9 measured samples (Poly 1-4). 
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4.5. Experiment 5: Carbide density of 13C26 grade samples 

Experiment 5 dealt with another material property of interest, the carbide density. The 
samples that were relevant for this study were of steel grade 13C26 and were much thinner 
than the ones used in previous experiments. From the 78 samples available, 68 were included 
into the calibration DB and 10 were left to be measured afterwards. The influence of x^3 
modifier was also included in the calibration cases. The configurations selected for the 
calibration and the obtained results are shown in Table 4-9 and Table 4-10, respectively. 

Table 4-9: Experiment 5. Parameters used in the four different calibrations/polynomials. 

Calib. # /polynomial # 1 2 3 4 
# Samples for calibr. 68 68 68 68 
# Parameters in poly. 10 5 5 6 
# Modifiers in polyn. 2 2 2 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) x^3,x^2 - 

Table 4-10: Experiment 5. 13C26 grade samples selected (Sample ID), reference value (Carbide density [no / 100 
μm2]), measured values with the four proposed calibrations (Poly 1-4) and its relative errors (Err. 1-4). 

Sample ID Thickn. Ref.V. Poly 1 Err. 1 Poly 2 Err. 2 Poly 3 Err. 3 Poly 4 Err. 4 

3460-1Ai 0.075 60 67 12.00% 68 13.83% 68 12.67% 69 14.50% 

3463-1i 0.095 63 67 5.71% 66 5.24% 66 5.40% 67 5.56% 

3493-1y 0.090 64 65 2.03% 67 4.38% 67 4.53% 66 2.66% 

3682-1i 0.075 64 70 9.53% 74 15.16% 74 15.00% 70 9.22% 

97119-2i 0.099 64 65 0.78% 67 4.22% 67 3.91% 65 0.94% 

3650-2i 0.099 65 65 0.15% 66 1.69% 66 1.69% 66 1.23% 
3652-1i 0.099 67 65 3.13% 67 0.15% 67 0.00% 66 2.24% 
3409-1y 0.075 70 70 0.29% 70 0.29% 70 0.29% 68 2.29% 
3806-1Ay 0.075 75 72 4.27% 69 7.60% 70 6.80% 68 8.80% 

3665-1y 0.099 79 66 16.96% 67 15.32% 67 15.32% 65 17.59% 

Average relative error: 5.49%  6.79%  6.56%  6.50% 

Results for carbide density were around 5% and 6% in all cases. Between the most robust 
polynomials (5 parameter limit), the one achieving best results was the fourth polynomial 
(relative error of 6.50%). The obtained errors could be acceptable although the correlation was 
not as good as for hardness or tensile strength. 

As in the previous experiment, a graphic representation of the samples available, samples 
included in the calibration database and results for each sample is given in Figure 4-7. The 
sample number axis starts at 20 because there were 20 more samples not relevant for the 
study. Note that the results are better in the central positions of the interval due to the higher 
amount of samples with similar carbide density values available in the calibration DB. 
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Figure 4-7: Experiment 5. Samples available with carbide density information, samples included in the 68 sample 
database and results for the ten measured samples (Poly 1-4). 
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5. DISCUSSION 

In this chapter the discussion of the results obtained for the three analyzed material properties 
(Vickers hardness, tensile strength and carbide density) takes place. 

For the case of hardness, Experiment 1 showed that 10 samples were not enough to create a 
reliable calibration DB. Therefore, at least 30 samples were used for the calibrations in later 
experiments. Related to this, Experiment 2 put on evidence the huge influence of sample 
thickness in the measurements, which was corrected in Experiment 3. Consequently, best 
results are achieved when a big amount of different samples is included in the calibration DB. 
The most promising results for hardness measurements are shown in Table 5-1. 

Table 5-1: Experiment 3. Parameters used for calibration and average relative error obtained in each case. 

Calib. # /polynomial # 1 2 3 
# Samples for calibr. 37 37 37 
# Parameters in poly. 10 5 5 
# Modifiers in polyn. 2 2 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - 
Avg. relative error 1.19% 1.30% 1.04% 

Regarding the maximum number of micro-magnetic parameters allowed in the polynomial, 
Experiment 1 and the reproducibility test available in Table 3-5 suggest that the polynomials 
with 5 parameter limit are more robust than the ones with 10 parameter limit. So, although 
experiments 3, 4 and 5 obtain good results for the 10 parameter limit case, a lower limit that 
ensures the physical meaning of the correlation and the robustness of the method is 
recommended. 

The two statements made for hardness about the number of samples to be included in the 
calibration DB and the parameter limit in the polynomial can be generalized to any material 
property of interest. 

With respect to the selection of micro-magnetic parameters and modifiers to be included by 
the software when building the polynomials, it is to say that it is a question that should be 
further analyzed for every experiment in an extended way since it depends on the particular 
conditions of each experiment (samples available, material property measured, environment, 
etc.). 

In addition to the previous analysis, there is one more question that was analyzed in 
Experiment 4, the influence of the optimization of the statistical values used by the software 
during the calibration. The "GA optimization" option in the Calibration Wizard module (Figure 
B-6) seemed to have a positive effect on the results shown in Table 5-2. 

  



 

 

 

33 

Table 5-2: Experiment 4. Parameters used for calibration and average relative error obtained in each case. 

Calib. # /polynomial # 1 2 3 4 
# Samples for calibr. 38 38 38 38 
# Parameters in poly. 10 5 5 5 
# Modifiers in polyn. 2 2 0 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - - 
GA optimization yes yes yes no 

Avg. relative error 0.87% 0.89% 0.78% 0.86% 

About the validity of the obtained results, note that average relative errors achieved in the 
best cases were 1.04% for hardness, 0.78% for tensile strength and 6.50% for carbide 
density5. So, hardness and tensile strength are two properties that show an excellent 
correlation with micro-magnetic parameters, confirming the applicability of the 3MA 
technique to steel strip inspection mentioned in the literature review. 

Regarding carbide density, the average relative errors obtained stand around 6%. An error of 
6% could be acceptable for Sandvik's accuracy requirements in carbide density. However, 
Figure 4-7 shows that the verification measurements were not following the tendency of the 
calibrated samples, the results being much more accurate in the center of the carbide density 
range than in its extreme positions. This fact suggests that the calibration realized with the 
samples available was not good enough to find a reliable correlation between carbide density 
and the selected micro-magnetic parameters. Extended research would be required to see if it 
is possible to improve this correlation. 

The repeatability of the method was excellent (see Table 3-4), and the reproducibility of the 
experiments in different environments was not studied in detail. From the reproducibility test 
in Table 3-5, it can be deduced that the environment has a strong influence on the results. 
Nevertheless, this influence should be able to be compensated performing a new system 
calibration if the localization of the equipment is changed. 

Related to the aims of the project, it is important to mention that all of them were fulfilled. 
Nonetheless, the optimization of the built polynomials was not performed up to a deep extent 
and could be improved in further studies. This pilot study only constitutes a first approach to 
the application of the 3MA technique at Sandvik's production facilities. 

Connected to this, there was an attempt of determining some energy efficiency measures in a 
quantitative way. However, this was not possible since it is too early to estimate the real 
applicability of this technique. Nevertheless, there is no doubt about the benefits that the 
implementation of this technology would have in the company´s energy efficiency and 
sustainability. 

  

                                                           
5 The first case of carbide density with relative error 5.49% is not recommended for having a parameter limit of 10. 
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6. CONCLUSIONS 

6.1. Study results 

3MA is a mature technology that constitutes a powerful tool for material characterization with 
many different applications within the industry. The present study corroborates the 
applicability of this technique to measure hardness and tensile strength in thin steel strip 
material and suggests performing a further research to determine whether more material 
properties of interest could be correlated with similar accuracy or not. 

The achieved average relative errors for the three material properties studied are 1.04% for 
hardness, 0.78% for tensile strength and 6.50% for carbide density. 

In the case of carbide density, some correlation has been found, although it is not reliable 
enough to replace the conventional destructive testing methods. Therefore the applicability of 
the 3MA technique is limited with the available calibration, requiring a further study with 
more reference samples with different values in case this material property would be of 
extraordinary interest. 

The main conclusions obtained from the literature review and from the observation of the 
behavior of the system measuring any material property are the following: 

x To obtain a good correlation, a large number of samples should be included in the 
calibration DB, being the samples equally spaced in range if possible. 

x The maximum amount of parameters allowed in the polynomial should not be too high 
(equal or less than 6-7 is recommended) in order to have a robust polynomial (not too 
influenced by disturbances). 

x Once a material property has been correlated, a manual optimization of the used 
polynomial (selected parameters and modifiers) is recommended. 

x The optimization of the statistical parameters in the Calibration Wizard module 
improves the results (compared to the results obtained with the default setup values). 

x Variations in the lift-off distance of the test sensor with respect to the calibration lift-
off may significantly affect the results. 

x Temperature variations have strong influence on ECT parameters. 

x MBN parameters may be affected by EM disturbances (noise) and residual magnetism 
in the samples. 

6.2. Outlook 

This Master's thesis can be seen as a first step in the study of the applicability of the 3MA 
technique to Sandvik's production facilities. Many questions are still to be answered, such as 
the possibility of extending the study to other material properties of interest, the study of the 
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integrability of Fraunhofer's 3MA system (or a similar system6) in the monitoring and control of 
the strip steel production process, etc. [18] 

6.3. Perspectives 

The benefits from the substitution of destructive laboratory testing by NDT technology like the 
3MA technique are many, and contribute to the environment, business/economy and society 
at the same time. 

On one side, this substitution permits a better control and monitoring of the strip steel 
production process, being possible to take measurements every few meters of produced strip 
and correct the production parameters in an automated way. This leads to a better energy 
efficiency of the process and to an increase in the sustainability of the company, since both 
time and material can be saved thanks to a reduction of the produced scrap and time required 
to inspect the samples. 

From the other side, the information provided by the monitoring of the process can be used to 
improve the product, making Sandvik's customer's processes more energy-efficient or making 
the material itself more energy-efficient. For instance, the product of grade "Sandvik 
7C27Mo2" is later used to manufacture flapper valves for compressors. Thus, if the material 
quality was improved, it would be possible to reduce the energy use or increase the durability 
of those compressors. 

Finally, there are two ethical considerations to take into account. Usually, the use of NDT 
methods implies a higher automation level. This can involve replacing manual labor with less 
expensive machines and worse consequences in case of error. 

 

  

                                                           
6 Cheaper solutions than the 3MA-II can be considered. For instance, the MikroMach solution from 
Fraunhofer IZFP provides offers fewer features than the 3MA-II, but presents similar measurement 
accuracy [18]. Other own systems could also be developed in future. 
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APPENDICES 

APPENDIX A: List of the 41 micro-magnetic parameters used by the 3MA-II system 

Table A - 1: Micro-magnetic parameters available in the 3MA-II system [4]. 
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APPENDIX B: Procedure for the operation of the MMS software 

One of the first steps in the project was to familiarize with the 3MA-II system and the MMS 
software. The modular software had some modules ready to use and others with missing 
controllers (see Table 3-1 on page 16) and the available documentation was the user manual 
from Fraunhofer. 

Therefore, the incongruences between Fraunhofer’s user manual and the software available 
(the figures and descriptions on the user manual did not always match with the current version 
of the software) were the main motivation to write a detailed description of the procedure 
followed when using the MMS software. 

When opening the software, the MMS main window (Figure B-1) appears. This window was 
used to select the modules to be displayed. Due to the internal architecture of the software, in 
order to avoid error messages, the different modules had to be opened in the chronological 
order described in this report. 

 

Figure B-1: MMS Main window and Simple Controller module. 

 

MMS Main window 
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Having only the Simple Controller module open, the 3MA DAQ module (Figure B-2) was 
opened afterwards. This module allows the user to see the 41 micro-magnetic parameters 
measured, together with its graphical representation and system setup values (down).  

 

Figure B-2: MMS Main window, Simple Controller and 3MA DAQ modules. System setup. 

Once a proper system parameter (magnetization frequency, amplitude…) setup was made for 
each steel grade, the calibration of the equipment could be realized. To calibrate the 
instrument the measurement of a selection of reference samples was needed, together with 
the reference values for each sample (obtained through destructive testing). Thus, first of all 
some samples (called reference samples) were selected and measured with the 3MA-II system. 
Once they were measured with the 3MA technique, the values of the material properties 
(hardness, tensile strength, carbide density…) determined through conventional destructive 
methods in a laboratory were introduced in the different columns of the recorder module (see 
Figure B-3). These values were the reference for the 3MA-II system calibration and the results 
of the future measurements of all samples were obtained through some polynomials obtained 
during the calibration process. 

In Figure B-3 the Recorder module is shown. The sample 63442-1x was measured one time (1 
cycle) and the values of its mechanical properties (called Targets in the software) were: 
Hardness = 533 HV, Tensile strength (RM) = 1745 MPa, Elongation = 9 %. 

After measuring the whole set of samples7 (measuring 5 times/cycles each sample, with 20 
sub-cycles per cycle, i.e. 100 individual measurements per sample and with a lift off of the test 
sensor between each cycle to minimize orientation and positioning errors), a window like the 
one in Figure B-4 was obtained. 

 

                                                           
7 The ONLINE button must be in green color to store the measurements in the Recorder module. 

System parameter setup 

41 micro-magnetic parameters 
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Figure B-3: Recorder module. Data acquisition for the calibration database: Storing data for sample 63442-1x. 

 
Figure B-4: Recorder module. Data acquisition for the calibration database: Stored data for various samples. 

This set of measurements was exported to a txt file (selecting all the samples), named 
7C27_HV-RM-Forl_AllThick_Calibration_v2.txt, for example. This file was then added to the 
Calibration Wizard module (Figure B-5) in order to get the polynomials product of the 
calibration process. These polynomials (one per mechanical property) were obtained by a 
regression analysis8 performed automatically by the software and constituted the relationship 
between the micro-magnetic parameters and the material properties of the samples. The 
importance of this relationship is shown in the following example: 

Example: 

If we had the polynomial like the one in Equation B-1 and the values in Table B-1, the hardness 
of the sample would be 549 HV (see Equation B-2). 

656,540539641551*(1) - 761,208722649337*($A5) + 2409,27180342679*($A7) - 
48,4903647107106*($Hro) + 215,668781092371*($Ph4) 

Equation B-1: Example of a polynomial obtained from the calibration process. 

                                                           
8 The expansion coefficients of the regression analysis were determined using a least square fit method. 
Measurements were taken step by step in a time multiplexing mode. 
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Table B-1: Example of micro-magnetic values obtained from the 3MA measurement of a sample. 

Micro-magnetic parameter Obtained value Units 

A5 0.12 A/cm 
A7 0.03 A/cm 
Hro 0.41 A/cm 
Ph4 -0.316 Rad 

Hardness = 656,540539641551*(1) - 761,208722649337*($A5) + 2409,27180342679*($A7) - 
48,4903647107106*($Hro) + 215,668781092371*($Ph4) = 656,540539641551*(1) - 
761,208722649337*(0.12) + 2409,27180342679*(0.03) - 48,4903647107106*(0.41) + 
215,668781092371*(-0.316) ≈ 549 [HV] 

Equation B-2: Example of the calculation of a sample's hardness, using the polynomial in Equation B-1. 

Thus, the obtaining of polynomials like the one in the previous example took place in the 
Calibration Wizard module (Figure B-5). In this module, the file resulting from the Recorder 
module (Figure B-4) was used as input data. From the 41 micro-magnetic available parameters 
all of them were used in the study, and the used modifiers9 were x^2, x^3 and sqrt(abs(x)). 

 

Figure B-5: Calibration Wizard module. Selection of input file, parameters and modifiers for the regression analysis. 

Once the mechanical property (Target identifier10) was selected in the Calibration Wizard, the 
Regression Analysis window (Figure B-6) was obtained by pressing the “CALIBRATE” button. 

                                                           
9 Not all modifiers were used in all cases. 
10 The Target Identifier in the calibration Wizard (Figure B-5) must have the same name as the target 
entered in the Recorder module (Figure B-4). 
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In this window, the amount of micro-magnetic parameters (variables of the polynomial) to be 
used when building the polynomial for the selected mechanical property (target identifier) was 
limited. As all 41 micro-magnetic parameters were allowed during the study (“use all results” 
in Figure B-5), the software itself selected the best parameters out of these 41 available. The 
software used statistical methods. In fact, it used an F-distribution where its statistical 
parameters could be fixed or automatically selected by the software (thanks to an 
optimization process). 

 

Figure B-6: Regression Analysis. Selection of micro-magnetic parameter limit and statistical parameters. 

By clicking on the start button on Figure B-6 the results of the regression analysis (the 
polynomial for the selected identifier and the errors when building the polynomial) were 
obtained in Figure B-7. Those results were saved to a .txt file and later used in the QUALIMAX 
Processor module (Figure B-8), finalizing with this step the calibration procedure. 

 

Figure B-7: Regression Analysis. Results. 

Once the calibration of the 3MA-II system was completed more samples (not included into the 
calibration database) were thereafter measured, in order to determinate the quality of the 
correlation between different micro-magnetic parameters and material properties by the  

Statistical parameters 

Max. # of micro-magn. parameters allowed 

Calibration Wizard setup 
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analysis of the achievable accuracy11 for each proposed case study. 

The visualization of the results (material properties) was performed using two modules, the 
QUALIMAX Processor and the Result Display. The version of the MMS software available 
permitted the visualization of four material properties at the same time. 

First of all, the QUALIMAX Processor was opened, where up to four polynomials were loaded, 
manually assigning to each of them an identifier and its units. The polynomials were loaded by 
clicking the “…” button and importing them from the .txt files result of the regression analysis. 
Then, the yellow lights on the left indicated that the polynomials had been loaded successfully. 

 

Figure B-8: QUALIMAX Processor. Selection of the polynomials, identifiers and units. 

Then, the result display was opened, selecting the identifier12 to display in each of the four 
available lines under the tab “Settings” (see Figure B-9). Finally, the results were displayed in 
the “results” tab after running the 3MA system for each measurement (Figure B-10). 

 

Figure B-9: Results Display module, settings tab. Selection of the identifiers to display. 

                                                           
11 The relative errors of the values measured with the 3MA technique with respect to the values of the 
laboratory were calculated. 
12 The identifiers should be spelled identically as in the QUALIMAX Processor module. However, there 
was no need for them to be spelled identically as the ones in the Recorder module. 

Yellow light 

Polynomial loaded 
from .txt 
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Figure B-10: Result display module. View of the results from the 3MA test. 
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APPENDIX C: Full list of samples available for each steel grade 

Table C - 1: List of samples with grade 7C27Mo2 used in the study. Information about thickness, band number and availability of parameter information is shown. 
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Table C - 2: List of samples with grade 13C26 used in the study. Information about thickness, band number and 
availability of parameter information is shown. 

 

 

  



 

 

 

48 

APPENDIX D: Setup values for each steel grade 

D.1  Setup values for grade 7C27Mo2: 

The setup values used for grade 7C27Mo2 are shown in Figures D-1 to D-5. The in/out (I/O) 
features of the system were disabled since they were not necessary for the study. 

 
Figure D-1: Setup values. Global parameters used for grade 7C27Mo2. 

 
Figure D-2: Setup values. Harmonic analysis parameters used for grade 7C27Mo2. 

 
Figure D-3: Setup values. Barkhausen noise parameters used for grade 7C27Mo2. 

 
Figure D-4: Setup values. Incremental permeability parameters used for grade 7C27Mo2. 

 
Figure D-5: Setup values. Eddy current parameters used for grade 7C27Mo2. 
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D.2  Setup values for grade 13C26: 

The setup values used for grade 13C26 are shown in Figures D-6 to D-10. 

 
Figure D-6: Setup values. Global parameters used for grade 13C26. 

 
Figure D-7: Setup values. Harmonic analysis parameters used for grade 13C26. 

 
Figure D-8: Setup values. Barkhausen noise parameters used for grade 13C26. 

 
Figure D-9: Setup values. Incremental permeability parameters used for grade 13C26. 

 
Figure D-10: Setup values. Eddy current parameters used for grade 13C26. 
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APPENDIX E: Experiments 1-5. Results from calibration 

Experiments 1 and 2 

Table E-1: Experiments 1 and 2. Results from the calibration process. 

Calib. # /polynomial # 1 2 3 4 
# Samples for calibr. 10 30 30 30 
# Parameters in poly. 10 10 5 5 
# Modifiers in polyn. 2 2 2 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - 
Valid rows of data 50 150 150 150 
Invalid rows of data 0 0 0 0 
GA optimization no no no no 
Final r^2 0,9825 0,9479 0,9375 0,9328 
Final r^2 (adj) 0,9800 0,9457 0,9358 0,9309 
Final MSE 5,3900 17,708 21,2530 22,8460 
Final RMSE 2,322 4,208 4,610 4,780 
Final F1 261,7860 492,712 19,6790 33,1920 
Nr. columns selected 7 7 5 5 
Parameters used: 5 6 4 4 
Field harmonics:         
A3         
A5         
A7 x       
P3         
P5         
P7   x   x 
Hco         
Hro x       
UHS         
K         
Vmag         
Barkhausen noise:         
Mmax         
Mmean x       
Mr         
DH25m   x x   
DH50m         
DH75m         
Hcm         
Incr. Permeability:         
umax         
umean         
ur         
DH25u         
DH50u         
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DH75u         
Hcu x       
Eddy current:         
Re1         
Re2   x x   
Re3         
Re4     x x 
Im1         
Im2   x x x 
Im3         
Im4         
Mag1 x x     
Mag2   x     
Mag3       x 
Mag4         
Ph1         
Ph2         
Ph3         
Ph4         

Table E-2: Experiments 1 and 2. Polynomials obtained from the calibration process. 

Polynomials: Poly 1: 5.121732884261658E+4*(1) 
    +1.721145626021366E+4*(($A7)^2) 
    -1.990397890481688E+2*(($Hro)^2) 
    -3.094895061516465E+3*(($Mmean)^2) 
    +6.939311562791352E+2*(sqrt(abs(($Mmean)))) 
    +3.461775941747965E+2*(sqrt(abs(($Hcu)))) 
    -3.961261175562014E+5*(sqrt(abs(($Mag1)))) 
  Poly 2: 6.270851783928611E+3*(1) 
    -1.289880026945691E+1*($P7) 
    +1.594279133734708E+6*($Im2) 
    +1.561852638951631E+6*($Mag2) 
    -3.357451311035253E-2*(($DH25m)^2) 
    -1.550525727086503E+7*(($Mag1)^2) 
    -5.734126100491584E+2*(sqrt(abs(($Re2)))) 
  Poly 3: -3.782353137348115E+2*(1) 
    +6.367669749365930E+4*($Im2) 
    -4.447343862569966E-2*(($DH25m)^2) 
    -4.272552370664692E+2*(sqrt(abs(($Re2)))) 
    +8.854282808996804E+3*(sqrt(abs(($Re4)))) 
  Poly 4: 7.736333489064210E+2*(1) 
    -1.431665372829689E+1*($P7) 
    +3.702947418244621E+4*($Im2) 
    -3.381133896216512E+4*($Mag3) 
    +3.082166961728953E+4*($Re4) 
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Experiment 3 

Table E-3: Experiment 3. Results from the calibration process. 

Calib. # /polynomial # 1 2 3 
# Samples for calibr. 37 37 37 
# Parameters in poly. 10 5 5 
# Modifiers in polyn. 2 2 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - 
Valid rows of data 185 185 185 
Invalid rows of data 0 0 0 
GA optimization no no no 
Final r^2 0,9449 0,9086 0,9080 
Final r^2 (adj) 0,9421 0,9065 0,9060 
Final MSE 17,43 28,9380 29,1110 
Final RMSE 4,175 5,379 5,395 
Final F1 1042,116 5,9140 1,1000 
Nr. columns selected 10 5 5 
Parameters used: 7 4 4 
Field harmonics:       
A3       
A5     x 
A7     x 
P3       
P5       
P7 x     
Hco       
Hro x x x 
UHS       
K       
Vmag       
Barkhausen noise:       
Mmax x x   
Mmean x     
Mr       
DH25m       
DH50m       
DH75m       
Hcm       
Incr. Permeability:       
umax       
umean       
ur       
DH25u       
DH50u       
DH75u       
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Hcu x x  
Eddy current:    
Re1    
Re2 x x  
Re3    
Re4 x   
Im1    
Im2    
Im3    
Im4    
Mag1    
Mag2    
Mag3    
Mag4    
Ph1    
Ph2    
Ph3    
Ph4   x 

Table E-4: Experiment 3. Polynomials obtained from the calibration process. 

Polynomials: Poly 1: 1.034958625379597E+5*(1) 
    -5.304450942454770E+3*($Hcu) 
    -2.916583007138091E+1*(sqrt(abs(($P7)))) 
    -2.102940214753276E+2*(sqrt(abs(($Hro)))) 
    +1.450331820223182E+2*(($Mmax)^2) 
    -2.517171434409353E+2*(sqrt(abs(($Mmean)))) 
    -4.666948988424861E+4*(sqrt(abs(($Hcu)))) 
  

 
+1.396227165712884E+7*(($Re2)^2) 

    -6.235124032244784E+2*(sqrt(abs(($Re2)))) 
    -6.524852950027571E+3*(($Re4)^2) 
   Poly 2: 1.935126446401388E+3*(1) 
    -3.744763526849394E+2*(sqrt(abs(($Hro)))) 
    +1.236654260265614E+2*(($Mmax)^2) 
    -2.668602910231727E+2*(sqrt(abs(($Hcu)))) 
  

 
-4.258945251088033E+2*(sqrt(abs(($Re2)))) 

   Poly 3: 6.565405396415513E+2*(1) 
    -7.612087226493370E+2*($A5) 
    +2.409271803426796E+3*($A7) 
    -4.849036471071067E+1*($Hro) 
  

 
+2.156687810923718E+2*($Ph4) 
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Experiment 4 

Table E-5: Experiment 4. Results from the calibration process. 

Calib. # /polynomial # 1 2 3 4 
# Samples for calibr. 38 38 38 38 
# Parameters in poly. 10 5 5 5 
# Modifiers in polyn. 2 2 0 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) - - 

Valid rows of data 190 190 190 190 
Invalid rows of data 0 0 0 0 

GA optimization yes yes yes no 

Final r^2 0,9846 0,9688 0,9651 0,9583 
Final r^2 (adj) 0,9839 0,9682 0,9643 0,9573 
Final MSE 72,2530 146,494 164,2690 196,2540 
Final RMSE 8,500 12,103 12,817 14,009 
Final F1 1628,1860 93,975 7,8820 83,0610 

Nr. columns selected 10 5 5 5 

Parameters used: 7 2 4 4 
Field harmonics:     
A3     
A5   x x 
A7   x  
P3     
P5     
P7   x  
Hco     
Hro x x  x 
UHS     
K     
Vmag     
Barkhausen noise:     
Mmax     
Mmean     
Mr     
DH25m     
DH50m     
DH75m     
Hcm     
Incr. Permeability:     
umax     
umean     
ur     
DH25u     
DH50u     
DH75u     
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Hcu x    
Eddy current:     
Re1     
Re2 x x   
Re3     
Re4 x  x  
Im1     
Im2 x    
Im3    x 
Im4     
Mag1     
Mag2 x    
Mag3 x    
Mag4     
Ph1     
Ph2    x 
Ph3     
Ph4     

Table E-6: Experiment 4. Polynomials obtained from the calibration process. 

Polynomials: Poly 1: 8.438909524188611E+4*(1) 
    +8.126330635260062E+3*($Hcu) 
    -3.003858046173172E+5*($Im2) 
    -4.328349412162110E+2*(sqrt(abs(($Hro)))) 
    +2.109232483102907E+2*(($Hcu)^2) 
    -2.377352245055773E+3*(sqrt(abs(($Re2)))) 
    -5.467163834842176E+7*(($Im2)^2) 
  

 
+4.832894583158628E+7*(($Mag2)^2) 

    +4.835519490262055E+5*(($Mag3)^2) 
    -2.972031820853746E+4*(sqrt(abs(($Re4)))) 
   Poly 2: -6.530267881055513E+2*(1) 
    -1.892330989111154E+4*($Hro) 
    +9.643667074294462E+3*(($Hro)^2) 
    +1.339634789086196E+4*(sqrt(abs(($Hro)))) 
  

 
-8.687121038547122E+2*(sqrt(abs(($Re2)))) 

   Poly 3: 2.768042649078138E+3*(1) 
    -2.381852980257623E+3*($A5) 
    +3.722475404567463E+3*($A7) 
    -3.263492120599360E+1*($P7) 
  

 
-7.286087570822420E+3*($Re4) 

 Poly 4: -1.833529232523545E+3*(1) 
  -9.102499720228897E+2*($A5) 
  -1.797181047371444E+2*($Hro) 
  -5.149766861681341E+3*($Ph2) 
  +7.253167903063004E+4*($Im3) 
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Experiment 5 

Table E-7: Experiment 5. Results from the calibration process. 

Calib. # /polynomial # 1 2 3 4 
# Samples for calibr. 68 68 68 68 
# Parameters in poly. 10 5 5 6 
# Modifiers in polyn. 2 2 2 0 
Used modifiers x^2, sqrt(abs(x)) x^2, sqrt(abs(x)) x^3,x^2 - 

Valid rows of data 330 330 330 330 
Invalid rows of data 0 0 0 0 

GA optimization yes yes yes yes 

Final r^2 0.2974 0.1742 0.1862 0.1677 
Final r^2 (adj) 0.2777 0.1640 0.1762 0.1548 
Final MSE 14.235 16.733 16.488 16.865 
Final RMSE 3.773 4.091 4.061 4.107 
Final F1 49.263 19.369 10.881 1.650 

Nr. columns selected 10 5 5 6 

Parameters used: 8 3 3 5 
Field harmonics:     
A3     
A5 x   x 
A7 x   x 
P3 x    
P5 x    
P7     
Hco     
Hro     
UHS     
K     
Vmag x   x 
Barkhausen noise:     
Mmax     
Mmean     
Mr     
DH25m     
DH50m     
DH75m     
Hcm     
Incr. Permeability:     
umax x x x  
umean x x x  
ur     
DH25u    x 
DH50u x    
DH75u  x x  
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Hcu     
Eddy current:     
Re1     
Re2     
Re3     
Re4     
Im1     
Im2     
Im3     
Im4     
Mag1     
Mag2     
Mag3     
Mag4     
Ph1     
Ph2     
Ph3    x 
Ph4     

Table E-8: Experiment 5. Polynomials obtained from the calibration process. 

Polynomials: Poly 1: -4.226585874437606E+3*(1) 
    -1.314741521583015E+2*($P3) 
    -2.232613870084949E+2*($DH50u) 
    -4.526212484006149E+2*(sqrt(abs(($Vmag)))) 
    -5.187248051397934E+2*(($A5)^2) 
    +3.575852479467484E+3*(($A7)^2) 
    -2.379802746380107E+1*(($P5)^2) 
  

 
+5.535400169312585E+3*(($umax)^2) 

    -1.255370751145880E+4*(($umean)^2) 
    +2.053413077841858E+3*(sqrt(abs(($DH50u)))) 
   Poly 2: -1.761343717136662E+3*(1) 
    -3.176742431074790E+3*($umean) 
    -1.417590667134789E+2*($DH75u) 
    +6.312150004787494E+3*(($umax)^2) 
  

 
+1.056222324127559E+3*(sqrt(abs(($DH75u)))) 

   Poly 3: -4.523220950230988E+2*(1) 
    +8.088717696524171E+1*($DH75u) 
    +2.660884492273233E+4*(($umax)^3) 
    -1.706658773338368E+4*(($umean)^2) 
  

 
-2.899300666495520E+0*(($DH75u)^2) 

 Poly 4: -5.938832874017736E+1*(1) 
  -2.749904982352800E+2*($Vmag) 
  -1.653353411428208E+2*($A5) 
  +6.314876819964509E+2*($A7) 
  +2.459743454902802E+0*($DH25u) 
  -1.305528188657530E+2*($Ph3) 

 


