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Abstract: More than three decades ago, at Fraunhofer IZFP, research activities that were related to the
application of micromagnetic methods for nondestructive testing (NDT) of the microstructure and the
properties of ferrous materials commenced. Soon, it was observed that it is beneficial to combine the
measuring information from several micromagnetic methods and measuring parameters. This was
the birth of 3BMA—the micromagnetic multi-parametric microstructure and stress analysis. Since then,
3MA has undergone a remarkable development. It has proven to be one of the most valuable testing
techniques for the nondestructive characterization of metallic materials. Nowadays, 3MA is well
accepted in industrial production and material research. Over the years, several equipment variants
and a wide range of probe heads have been developed, ranging from magnetic microscopes with pm
resolution up to large inspection systems for in-line strip steel inspection. 3MA is extremely versatile,
as proved by a huge amount of reported applications, such as the quantitative determination of
hardness, hardening depth, residual stress, and other material parameters. Today, specialized 3SMA
systems are available for manual or automated testing of various materials, semi-finished goods,
and final products that are made of steel, cast iron, or other ferromagnetic materials. This paper will
provide an overview of the historical development, the basic principles, and the main applications
of BMA.

Keywords: 3MA; case-depth; hardness; micromagnetic; NDT; residual stress; steel; tensile strength;
yield strength

1. Introduction

The laboratory usually determines the quality-related material properties of ferrous materials.
Here, several measuring techniques are available, allowing for the microstructure to be directly
analyzed, e.g., by x-ray diffraction and optical or electron microscopy. In addition, destructive testing
methods are available for measuring the mechanical properties, such as hardness, tensile strength,
etc., of metallic materials. However, today’s industry production is characterized by a high degree of
automation, which is why it is also necessary to automate quality inspection. The quality characteristics
of raw materials, semi-finished, and final products should be determined not only in material
laboratories but also parallel to or embedded into production. Critical material characteristics should
be continuously and completely registered in order to monitor or even control the manufacturing
processes with the aim of optimizing them in terms of quality, efficiency, and costs. These objectives
can only be achieved by the application of appropriate nondestructive testing (NDT) methods. In the
beginning, NDT techniques have been almost exclusively used for defect detection in order to prevent
the catastrophic failure of safety-relevant structures after they have been in service [1]. However,
nowadays the role of NDT is extended and it includes all phases of the product’s life-cycle, from raw
material over production to operation, disposal, and recycling [2].

Appl. Sci. 2019, 9, 1068; d0i:10.3390/app9061068 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/9/6/1068?type=check_update&version=1
http://dx.doi.org/10.3390/app9061068
http://www.mdpi.com/journal/applsci

Appl. Sci. 2019, 9, 1068 20f 29

Meanwhile, the application of NDT in production has become an indispensable part of modern
industry and characterizing materials in terms of microstructure, condition, and properties are
important tasks for today’s techniques of production-integrated NDT [3]. In this context, the so-called
“micromagnetic” methods are probably the most prominent representatives of such techniques.
Micromagnetic methods allow for the nondestructive characterization of all ferromagnetic materials,
showing magnetic interactions with the microstructure and stresses on a microscopic level.

2. Historical Development

Strictly speaking, the development of micromagnetic methods started more than 80 years ago [4].
In this early work, the electromagnetic properties of the material were correlated to other material
properties, like elastic parameters. However, the name Friedrich Forster dominated the early days
of the development of micromagnetic methods [5-7]. The idea to use micromagnetic NDT for
production-integrated testing—in that case, material sorting—was initially reported in 1955 [8]. At least
since 1964, micromagnetic methods have been used for the NDT of case depth in carburized steels [9].
Only shortly later, it was shown that magnetic Barkhausen Noise measurements could be used for
investigating the stress condition in the magnetic materials [10]. Later, there have been some basic
physical investigations, e.g., from Kronmiiller, providing a better understanding of the relations
between the electromagnetic properties of a material and its microstructure [11].

In the early 1970s, Forster and his co-researchers discussed the relationship between Rockwell
hardness type C (HRC) and magnetic permeability in technical steels [12]. In addition, they first
promoted electromagnetic tools for the quality assurance of metals by characterizing internal stresses
via magnetic methods [13]. In the late 1970s, the refinement of the Barkhausen Noise technique marked
major advances in the enhancement of microstructure and stress sensitivity. Since then, micromagnetic
methods for nondestructive evaluation have attracted the attention of several research groups [14,15].

At about the same time, the researcher of Fraunhofer IZFP started to investigate and develop
micromagnetic NDT methods. A first project was dedicated to the “determination of microstructure
in pressure vessel steels with magnetically induced measuring parameters” on behalf of the German
Federal Ministry for Research and Technology (BMFT) [15]. The main results led to the development
of a specific surface sensor with an open U-shaped yoke design and the use of a Hall sensor in the
control of a tangential magnetic field in the specimen. The correlation between the micromagnetic
measuring parameter and the macro-stress level as the target parameter was reported [16].

It was recognized that different measuring parameters are sensitive to different target quantities,
i.e., microstructure and stress parameters in the material. It was concluded that the micromagnetic
measuring parameters complement each other in regard to their measuring information [17]. Based on
this approach, the separation of microstructure effects from the influence of residual stresses could be
discussed for the first time [18].

This research project resulted in the construction of the so-called EM8101—the first prototype
of a micromagnetic testing equipment that was developed at Fraunhofer IZFP (see Figure 1).
This equipment combined two micromagnetic methods, namely Barkhausen Noise (BN) and
incremental permeability (IP). Two micromagnetic measuring parameters, Hcy and Myax, have
been derived from BN and two parameters, Hc,, and pax from IP. By combining both techniques,
it was possible to independently quantitatively characterize residual stress from changes in
microstructure [19]. In this early micromagnetic research at IZFD, it became apparent that the use of one
single micromagnetic parameter and also the use of parameters from only one micromagnetic method
could lead to ambiguous or unreliable results. In fact, each micromagnetic measuring parameter is
influenced by a multitude of microstructure- and/or stress-related material features. In some “simple”
cases, demonstrated by Tiitto, a quantitative evaluation using only one measuring quantity could
be successful [20]. This simple approach is restricted to applications where other influences remain
constant or their changes can be neglected.
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Since the mid 1980s, the philosophy of IZFP was to extend the combined methods by the
implementation of other techniques, such as Eddy Current. This was the birth of the Micromagnetic
Multiparametric Microstructure and stress Analyzer, abbreviated as 3MA [21,22]. Later, Pitsch and
Dobmann introduced Harmonic Analysis as a fourth micromagnetic method in 3MA [23]. From that
point, the 3MA success story started. Meanwhile, a multitude of applications, probe heads, and devices
of the 3MA combination technique has been developed. In the following, the basic principles and the
applications of 3MA will be described.

QUSRI BAVETIR

Figure 1. First micromagnetic testing device EM8101 of Fraunhofer IZFP.
3. Basic Principles of 3MA

3MA is a methodical and technical combination of four micromagnetic methods, namely
Barkhausen Noise (BN), Harmonic Analysis of the tangential magnetic field strength (HA),
multi-frequency Eddy Current analysis (EC), and Incremental Permeability (IP) [24,25]. Figure 2
shows the design of the 3MA probe head. In the following, the four methods are described.
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Figure 2. Micromagnetic multiparametric microstructure and stress analyzer (3MA) probe head with
its components: (a) image and (b) technical sketch; 1-Housing, 2-Electronic board (preamp), 3-Magnetic
yoke, 4-Magnetization coils, 5-Connection cable, 6-Hall sensor, 7-Transmitter coils, and 8-Receiver coils.
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3.1. Harmonic Analysis (HA) Method

A low frequency (fir = 10-1000 Hz) sinusoidal voltage excitation is supplied into a magnetization
coil (see Figure 2, no. 4), wounded around a magnetic yoke (no. 3), which is placed on or in vicinity to
the specimen. This generates a variable magnetization in the specimen.

This magnetization can be chosen in the amplitude range between 10 and 70 A /cm. The amplitude
is controlled via a Hall sensor (no. 6), which is placed in the middle of the detection zone, between
the pole shoes of the magnetic yoke (no. 3). This Hall sensor is also used to record the entire
tangential magnetic field development during the hysteresis cycle. A Fourier analysis processes
this recorded signal. Due to the hysteresis symmetry, only odd higher harmonics can be determined.
The amplitudes and phase shifts of these upper harmonics are observed. Further measuring parameters
can be determined such as UHS (upper harmonics sum) and the signal distortion factor K, which are
described in Table 1. In total, the HA method provides 11 measuring parameters. Table 1 shows all of
the detected parameters. Aj, Ag, and P9 are not used as own parameters. The HA method permits
the analysis of deeper material ranges and it can even be applied to shallower structural and stress
(tension) gradients, as occurring in surface hardened parts, for example. For a specific excitation (yoke
+ magnetization coil) system, the electromagnetic interaction depth is only dependent on the magnetic
field strength (H¢) and the excitation frequency (f_r) and it can reach depths of up to 10 mm. On the
other side of the coin, the HA method only has a limited sensitivity to the near-surface properties of
the material, when compared to the BN (see Section 3.3) or IP (see Section 3.4) method.

Table 1. Measuring parameters from Harmonic Analysis (HA).

Measuring Parameter Description
Aq Amplitude of the fundamental wave.
Az, As, A7, Ag Amplitudes of the 3rd, 5th, 7th and 9th harmonics.
P, P5, Py, Py Phases of the 3rd, 5th, 7th and 9th harmonics.
UHS Sum of all upper harmonics, UHS = A3z + As + A7 + Ag
K Distortion factor, K = 100%x \/(Aé + A% + A2) /A%
Hco Coercive magnetic field from harmonic analysis
Hio Harmonic content of the magnetic field strength at zero crossing
Vimag Final stage voltage of the electromagnet

3.2. Eddy Current (EC) Method

A sinusoidal current with low amplitude, typically of the order of mA, and high frequency
(fur = 10 kHz — 1 MHz) is fed into the transmitter coil with a diameter of only a few mm (see Figure 2,
no. 7). In the specimen, this excitation results in a low level of induction of a few pT (Rayleigh domain).
The magnetic field induces electrical currents (eddy currents) in the specimen according to Faraday’s
Law of electromagnetic induction. A second coil, the receiver coil (no. 8) is used to detect the magnetic
flux through its windings as an induced voltage. Based on a signal analysis, the real and imaginary
part, as well as the modulus and phase of the coil impedance, are recorded. The 3MA system offers
to apply up to four different EC frequencies in a single measuring cycle, resulting in 16 measuring
parameters, as shown in Table 2. These measuring parameters are dependent on the frequency fyr and
on both the conductivity (o) and the excitation-dependent permeability (u(H)) of the material.

Table 2. Measuring parameters from multi-frequency Eddy Current (EC).

Measuring Parameter Description
Rel-Re4 Real parts of EC signals at frequencies 1, 2, 3 and 4.
Im1-Im4 Imaginary parts of EC signals at frequencies 1, 2, 3 and 4.
Magl-Mag4 Signal magnitudes at frequencies 1, 2, 3 and 4.

Ph1-Ph4 Signal phases at frequencies 1, 2, 3 and 4.
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3.3. Barkhausen Noise (BN) Method

In order to induce the reorganization of the magnetic microstructure and thus to provide the
Barkhausen Noise (BN) response of the specimen, the application of a variable magnetic field is
necessary. This magnetic field is applied by the U-shaped yoke (see Figure 2, no. 3) with the
magnetization coil (no. 4), as in case of the HA method, as described in Section 3.1. The applied
magnetization amplitudes are sufficient to excite the inspected ferromagnetic materials up to their
saturation levels. The magnetization frequency is adapted in order to avoid local eddy currents, thus
not changing or distorting the magnetic hysteresis behavior in the specimen.

During the reorganization of the ferromagnetic microstructure, Bloch wall displacements are
generated, which occur by discreet jumps. These Bloch wall jumps result in sudden changes of
magnetization, which causes magnetic flux variations. These variations can be detected with a receiver
coil (no. 8) that is placed above the sample. After signal processing, which consists of several steps, like
amplification and filtering, the 7 measuring parameters that are shown in Table 3 can be derived from
the BN signal. The BN method uses analyzer frequencies mostly in the high kHz range. Therefore,
only the near-surface area of the material can be inspected. A further disadvantage of the method is
its sensitivity to electromagnetic interference, which is a result of the broadband signal analysis in
conjunction with high amplification.

Table 3. Measuring parameters from Barkhausen Noise (BN).

Measuring Parameter Description
Mmax Maximum amplitude
MmEAN Amplitude averaged over one magnetization cycle
Mg Amplitude at remanence point
Hew Coercive magneti.c ﬁt.eld, derived from Barkhausen Noise
(magnetic field strength at M = Mpfax)
DH25y, Curve width at 25% of Myrax
DH50p\ Curve width at 50% of Myrax
DH75\ Curve width at 75% of Myrax

3.4. Incremental Permeability (IP) Method

The Incremental Permeability (IP) method provides measuring parameters, which are equivalently
defined to the BN measuring parameters (see Table 4).

Table 4. Measuring parameters from Incremental Permeability (IP).

Measuring Parameter Description
UMAX Maximum amplitude
UMEAN Amplitude averaged over one magnetization cycle
R Amplitude at remanence point

Coercive magnetic field, derived from Incremental Permeability

Hey (magnetic field strength at p = pipax)
DH25,, Curve width at 25% of uyax
DH50,, Curve width at 50% of yax
DHY75,, Curve width at 75% of pyax

The IP method requests two simultaneously acting excitation sources. These are a first
high-amplitude low-frequency (fr) excitation, as in case of the HA method (see Section 3.1) and
a second low-amplitude high-frequency (fr) excitation, as in case of the EC method (see Section 3.2).
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The {1 excitation by the magnetization yoke (see Figure 2, no. 3 and 4) generates magnetic
hysteresis cycles in the material. Simultaneously, the EC transmitter coil (see Figure 2, no. 7) generates
minor asymmetric hysteresis loops that are superimposed to the major hysteresis curve. The signal
detected with the receiver coil (no. 8) is linked to incremental permeability. In contrast to BN, the
IP method shows only little fluctuations during the hysteresis cycle. In addition, due to the applied
narrow-band signal filtering, the IP method is relatively insensitive to electromagnetic distortions.

3.5. Correlations to Microstructure and Material Properties

Coercive field, Hc, remanence, Br, as well as initial and maximum permeability, puriyis and prmax
are “hysteresis parameters”, i.e., measuring parameters that are determined from the major hysteresis
curve. Variations in the microstructure of a ferromagnetic material are reflected by changes in the
hysteresis morphology and in changes of these parameters. Therefore, the hysteresis parameters
show correlations to microstructure data. In an early work, Adler and Pfeiffer, who reported a linear
correlation between Hc and the grain size or the concentration of nonmagnetic inclusion in steels,
showed this [24]. Researchers at Fraunhofer IZFP have shown correlations between Hc and the
approximate value of skin depth in grinded parts [25]. Later, such correlations were used for to
determine the quantitative hardening depth in steel and cast iron components, while using 3MA [26].

Besides “conventional” measuring parameters such as coercive fields (Hco, Hem, Hey) or
maximum amplitudes (Mpmax, HMax), additional measuring parameters have been defined, as already
described in Tables 1-4. Such “unconventional” parameters could be useful, as it becomes apparent in
observing the diagrams in Figure 3. The diagram (a) shows hysteresis measurements on a steel sample
before (I) and after (II) plastic deformation. Measurements with the Incremental Permeability (IP)
method on the same sample are shown in diagram (b). The shape of hysteresis drastically changes from
I to II due to the increased dislocation density and altered residual stress level. Especially noticeable is
some kind of “bulging” around the coercive field in hysteresis II. This corresponds to a distinct change
in the width of the IP signal. Therefore, the widths of the IP signal at 25, 50, and 75% of the maximum
amplitude contain valuable additional measuring information.
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Figure 3. Measurements on a steel sample before (I) and after (II) plastic deformation: (a) hysteresis
measurements and (b) [P measurements.

3.6. Set-up Optimization and Calibration

The 3MA software offers the possibility of running sweeps of several set-up parameters (e.g., H,
frr, and fyp) in order to select their values, which are optimized according to the inspection situation.
In general, the optimum set-up parameters should provide the clearest signal differences between the
grades of the interesting target quantity, e.g., hardness, residual stress, or case depth. For example,
for case hardening depth (CHD), it is beneficial if the interaction depth of the used electromagnetic
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field is in the range of the highest value of CHD. The set-up frequencies (fr, fir) and magnetization
amplitude (Hy) can adjust this interaction depth.

If the interaction depth is much higher than the maximum CHD, then the 3MA measurement
explores a large amount of unhardened bulk material, which impairs the sensitivity to CHD variations.

A preceding calibration is mandatory for using 3MA to non-destructively determine the
quantitative values of a target quantity. Here, calibration means the determination of a mathematical
model—the so-called calibration function, which describes the functional relationship between the
target quantity and the 3MA measuring parameters.

At the early stages of micromagnetic characterization, several scientists tried to develop
physical models that describe the functional dependency between micromagnetic parameters and
microstructure features or material properties. Becker and Karsten both described a linear dependency
between the coercive field and Bloch wall diameter. They observed that the coercive field is the field
that is necessary to obtain an irreversible displacement of the Bloch walls [27,28]. Later, Néel extended
this work by considering the demagnetizing field in the calculation of total energy. He noticed that
the volume and size of inclusions affects the coercive field [29]. Other scientists have developed
mathematical functions describing the coercive field, while taking into account the shape and size of
particles [30], the grain size [31], and anisotropy effects [32,33]. Hoselitz investigated the influence
of alloying elements, like Al, Ni, and Co, as well as measuring and calculating the coercive field for
Alcomax® isotropic steel [34].

Such theoretical calculations of microstructure-property relations have been shown to be reliable
for simple materials and processes. However, most of the ferromagnetic materials that were used in
industry, e.g., steels and cast iron, show complex microstructures and behavior. In order to theoretically
develop a model describing the interrelation between targets and measuring parameters, the inverse
problem has to be solved, i.e., the microstructure characteristics as a function of the micro-magnetic
measuring parameters must be theoretically described. This is not usually possible. Moreover, in the
case of industrial 3MA application, calibration functions have to be determined in a fast uncomplicated
manner. However, the development of simulation models for calibration is time consuming and
expensive. Therefore, the application of physical models based on theoretical considerations for SMA
calibration remains limited so far.

Currently, 3MA is usually calibrated based on empirical data. In order to determine a calibration
function, the values of the target quantity, as well as the values of the 3MA measuring parameters,
must be measured on a set of parts with graded values of the target quantity. To measure these target
values (mostly destructive), the reference methods have to be applied, like hardness indenter tests,
tensile tests, or x-ray diffraction for residual stress. The measuring values of both, 3MA parameters
and target quantity are stored in a common database, and then the correlations between both are
analyzed. The 3MA software offers different methods for the calculation of the calibration functions,
including regression analysis and pattern recognition. In the case of regression analysis, the calibration
function can be written as:

Y=a9+a1.X1+a2.Xp+ - +a,.Xy, 1)

where Y is the target quantity. The parameters a, (n =1, 2, 3, ... ) are the coefficients that have
to be determined by the least squares method error minimization and X, (n =1, 2, 3, ... ) are the
3MA measuring parameters and their modifiers, such as square, square root, etc. Several calibration
functions for different target quantities can be determined at once. Besides the 3MA measuring
parameters, also parameters that are measured by external sensors, such as temperature, sensor lift-off,
sheet thickness, strip velocity, and tension could be included in the calibration functions.

Currently, different strategies are developed in order to reduce the experimental effort for
calibration. For some special materials and components (e.g., for PHS, see Section 4.3.1) large calibration
databases already exist, which allow for developing universally applicable calibration functions.
In addition to experiments, simulation results can also be used to fill the database. Such artificially
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generated data also allow for minimizing the risk for experimental calibration errors due to “outliers”.
In addition, machine-learning algorithms are applied for determining the calibration functions.

4. Applications

4.1. Overview

Meanwhile, a broad range of different applications on different components of ferromagnetic
materials has been developed based on the 3MA approach. Table 5 summarizes these applications.
Subsequently, some of the main important 3MA applications will be described in more detail.

Table 5. Overview of possible 3MA applications.

No. Component Main Application/Description Ref.
1 Components in nuclear Materials damage and degradation; [35,36]
power plants Neutron-induced embrittlement "
2 Welds (laser,. etc.)., turbine Hardness and residual stress [37-39]
blades, bearing rings, etc.
Machined parts (gear Thermally induced material damage due to
3 o [40-42]
wheels, etc.) machining
4 Surface hardened or nitrated Hardening depth, depth profiles of hardness and [43-45]
parts residual stress, retained austenite content N
5 Steel grades Classification of steel gljades and microstructure [46,47]
variants
6 Cast iron Residual stress., cementite conter}t, primary chill, [48-50]
microstructure gradient
7 Strip steel Mechanical prop.ertlles, m1crostr.ucture features [51,52]
(texture, grain size) and residual stress
Heavy plate and forged Mechanical properties, microstructure features,
8 . [52,53]
parts residual stress, hard spots
9 Cold formed steel sheets Residual stress and spring back angle [54,55]
10 Hot formed steel sheets Mechanical properties of steel, coe}tmg thickness, [56,57]
resistance spot weld size
11 Electrical steel Inspection of cut edges; cutting quality [57,58]
12 Miscellaneous Hydrogen-induced embrittlement, fatigue, [59-62]

toughness, notch impact strength, creep damage

One of the earliest applications of 3MA was the inspection of components in nuclear power plants.
Such components are subjected to different ageing phenomena. For the steel components in the reactor
pressure vessel, heat exchangers, pipe lines, etc., the main important aging phenomena are thermal
ageing, fatigue, and neutron embrittlement. In the past, it was shown that 3MA is an important
tool in evaluating material degradation due to ageing in such components [35]. Besides neutron
degradation, the superimposed impact from thermal ageing and low-cycle fatigue was investigated.
In the case of austenitic stainless steels when exposed to mechanical static or cyclic loads, the material
reacts with local phase transformations to generate bec o’ martensite. 3MA can also detect such local
martensite [36].

The nondestructive determination of hardness and residual stress distribution in the weld seam
and in the heat-affected zone of welded components was another early 3MA application [37]. Later,
3MA was applied to determine the hardness and residual stress in heat-treated (turbine blades) or
grinded components (e.g., bearing rings) [38,39]. Another well-developed 3MA application is the
determination and characterization of grinding damage (“grinding burns”) [40-42]. 3MA is able to
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determine the depth-profiles of hardness, residual stress, and retained austenite in surface-hardened
components [43—45]. The classification tasks can also be solved with 3MA [46,47].

Besides steel, cast iron is another material that can be characterized with 3MA [48-50]. Section 4.2
describes the 3MA applications on strip steel in detail [51,52]. For thin strip, heavy plate, and large
forged steel components, 3MA is mainly used to determine the parameters of the tensile test, e.g.,
tensile strength Rm and yield strength Rp0.2 [52,53]. In further processing, when the steel sheets are
cold or hot formed, 3MA is used for determining the mechanical properties and also the residual stress
or spring back angle [54-57]. An interesting application of 3MA is the determination of electromagnetic
properties (e.g., iron losses, maximum induction) in electrical steel, because 3MA is able to locally
determine these properties, which is not possible with Epstein frames, etc. [57,58]. Furthermore,
3MA can be used to characterize hydrogen-induced embrittlement, fatigue, toughness, notch impact
strength, and creep damage in steel [59-61].

4.2. Applications in the Steel Industry

4.2.1. Inline Strip Steel Testing

Cold rolled and recrystallizing annealed sheet steel is a high-value product that is used, among
other uses, for automotive body shell parts. Material parameters, such as yield strength Rp0.2, tensile
strength Rm, and anisotropy parameters 1, and Ar must be met with sufficient accuracy. In production,
the strips are welded one after another to a coil of several kilometers in length. Typically, the material
properties from above are tested by destructive tensile tests. It is clear that these tests cannot be done
over the entire strip length. Therefore, only samples from the beginning and the end of the coil are
taken for these tests. These samples undergo extensive and time-consuming tensile tests before the
coil can be released for shipping. The time delay between sample collection and testing can reach up
to several hours. A quick detection of, and reaction to, deviations in the production process is not
possible with this time delay between sampling and testing.

In order to overcome these limitations, nondestructive testing (NDT) systems for the continuous
inline determination of mechanical parameters in the entire steel strip are required. More than 20
years ago, Fraunhofer IZFP started research activities that were related to the development of such
NDT equipment for strip steel testing. A first prototype system is described in a PhD thesis from
1997 [63]. This system, as shown in Figure 4, was installed in a production line of ThyssenKrupp Steel
in Duisburg, Germany.

The prototype system was integrated after annealing and skin-path-rolling processes and just
before coiling. At this point, the strip feed is in the range of 300 m/min. In this equipment,
measuring quantities, as derived from the Incremental Permeability (IP) method, were used as the
only micromagnetic parameters. Here, the narrow-band-filtering suppressing most of the wide-band
environmental noise, which is typically present in strip steel production lines, has turned out to be
particularly advantageous. Measuring quantities, as derived from the IP signal, were puyax, Hep, as
well as DH25, DH50p, and DH75u (see Section 3.4). These parameters have shown to be sensitive to
the yield strength Rp0.2 of the strip steel.

A further disturbance to be considered is the lift-off variation due to vibrations or ripple of the
running strip. The electromagnetic signal detection depends on the distance between the sensor
coil and the material’s surface, i.e., the lift-off. In order to reduce its disturbing influence to an
acceptable level, controlling the lift-off in the range to 2 mm =+ 0.5 mm was necessary, which was
realized by the pretension of the strip with two rollers that were integrated into a roller-table. Further
attempts were made to determine correlations between the nondestructive measuring parameters and
anisotropy parameters of the steel, like the mean vertical anisotropy ry, and the planar anisotropy Ar.
For this purpose, it turned out to be advantageous to also implement the so-called EMAT technique
(electromagnetic acoustic transducer), in addition to the IP technique. The EMAT principle is described
elsewhere [64].
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Figure 4. First prototype system for continuous testing of strength (Rp0.2) and deep-drawing (rm, and

Ar) parameters in strip steel based on a combination of the Incremental Permeability (IP) and the EMAT
measuring technique: (a) Top view of the sensor, showing the IP sensor (IP) as well as the two EMAT
sensors (EMAT_RD and EMAT_45°); and, (b) Complete table carrier with two stabilization rollers.

The EMAT sensors were used to measure the phase velocity of the first symmetrical
shear-horizontal plate mode of an ultrasound (US) wave that was travelling in the rolling direction
(EMAT_RD) and 45° to this (EMAT_45°). Based on these measurements, ry and Ar could be
determined [51]. Investigations were conducted on a soft deep-drawing material of interstitial-free steel
(IF-steel). Three different grades of IF steel with differences in nitrogen, niobium, and titanium contents
were used. The inline calibration was carried out on 353 strips of these steel grades. Destructive
tensile tests (Rp0.2) and strain tests (rm and Ar) were used in order to determine the reference values
for calibration. Figures 5 and 6 show the typical calibration results. These calibration plots show
the nondestructively predicted values of Rp0.2 (from 3MA and from EMAT) as a function of the
destructively measured values (from ref.).
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Figure 5. Results of the calibration to yield strength Rp0.2 based on measuring parameters from IP
measurements, combined with sheet thickness; nondestructively predicted values of yield strength
(from IP) are shown as a function of destructively measured values (from ref.): (a) for a steel grade IF_1
and (b) for a steel grade IF_2.

It was apparent that the best correlations could be found if an individual calibration model
for each steel grade is used, as shown in the examples of Figures 5 and 6. It was also observed
that sheet thickness has a distinct effect on the measured IP signals. This is due to the material’s
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microstructure gradient resulting from skin-path rolling. The electromagnetic fields that were used
for IP measurements cannot completely penetrate the material thickness (skin depth). Therefore,
the microstructure at the surface of the material affected by skin-path rolling will have a more or less
pronounced effect on the IP signal, depending on the sheet thickness.

2 11

R2 =0.67, RMSE =0.04 R2 =0.77, RMSE =0.06

Vertical anisotropy, r,, from EMAT [-]
Planar anisotropy, Ar from EMAT [-]

2 0 0.2 0.4 0.6 0.8 1
Vertical anisotropy, r,,, from ref. [-] Planar anisotropy, Ar from ref. [-]
(a) (b)

Figure 6. Results of the calibration to deep-drawing parameters based on measuring parameters from
electromagnetic acoustic transducer (EMAT) measurements; nondestructively predicted values (from
EMAT) are shown as a function of destructively measured values (from ref.): (a) for vertical anisotropy
rm and (b) for the planar anisotropy Ar.

For that reason, it makes sense to either use an individual calibration model for each sheet
thickness or to integrate the sheet thickness as a parameter in the calibration functions. The latter
variant was applied in the work that is described here. As shown in Figure 5, the correlation coefficients
R? were quite high (0.7-0.8) and the root mean square errors RMSE were quite low (4-6 MPa).
The calibrations for 1y, and Ar provided values for R? that were in the range between 0.6 and 0.8 and
RMSEs between 0.04 and 0.06. Nevertheless, it has to be considered that the value ranges are quite low
for these calibrations, which promotes small RMSE values.

Based on the above calibrations, continuous inline measurements of Rp0.2, ry,, and Ar were made.
Figures 7 and 8 show some of the results. In the measuring plot of Figure 7, it can be observed that the
strip leaves the acceptance range (130-180 MPa) at position x = 2100 m. This is later confirmed by the
destructive measurements. The results of the inline measurements of r,, and Ar in the same coil are
shown in Figure 8.

220

200 4 )
Destructive values ———-

180 ————— e —— —_—

T~

160

Destructive values Accpetance range

140 |

Yield strength, Rp0.2 [MPa]

120

0 500 1000 1500 2000 2500

Strip position, x [m]

Figure 7. Inline measurement of yield strength Rp0.2 in a coil of 2300 m in length. Destructive
measurements of Rp0.2 at the beginning and at the end of the strip are also shown as white squares
with error bars.
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Figure 8. Inline measurement of vertical anisotropy ry, and planar anisotropy Ar in a coil of 2300 m
in length.

At a later point, the prototype that is described above was substituted by an inline measuring
system based on the complete 3MA technique, i.e., besides IP also BN, HA, and EC were implemented
in the system. The use of EMAT sensors for measuring deep-drawing parameters was no longer
necessary. Based on the 3MA technique, an online testing system for the continuous determination of
tensile strength (Rm), yield strength (Rp0.2), and other mechanical-technological characteristics in a
broad range of steel grades was developed. The 3MA probe head is integrated into a movable, rotatable
holder (see Figure 9). The orientation between the main magnetic field and the rolling direction of
the strip can be adjusted to 0°, 45°and 90°, which offers the possibility of determining the anisotropy
parameters ry, and Ar from the 3MA measurements. Again, the probe holder is mounted onto a
hydraulically adjustable table carrier, which was equipped with distance rollers. A fast lowering of the
entire construction in the case of an escape warning is necessary to avoid damaging the probe due
to weld seams or zinc deposits on the strip. The external electronic equipment that is integrated into
the measuring cabin controls the measuring procedure. The electronic equipment mainly consists of
the 3MA measuring module, the electro-pneumatic device control, interfaces to supporting signals,
like weld seam recognition, meter pulse, or strip velocity signals, and interfaces to the plant process
control (PCS) and data management (DMS) systems of the strip steel production line.

Figure 9. Rotatable SMA probe head holder and table carrier of the 3MA inline strip testing system.

For calibration, about 11,000 strips from 12 different steel grades were used. In contrast to the first
IP+EMAT equipment described above, here it was not necessary to develop individual calibrations
for each steel grade. Rather, it was found that the 12 steel grades could be combined into only four
calibration classes, which are shown in Table 6.
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Table 6. Steel grade classes and calibration results.

Steel Grade Class RMSE of Rm [MPa] RMSE of Rp0.2 [MPa] No. of Strips
IF, conventional 5.4 8.2 2667
IF, high strength 11.3 12.3 7764
Bakehardening 5.8 8.8 1294
Structural 7.9 10.1 164

Besides standard steel qualities (normal steel and construction steel), interstitial-free (IF) steel,
and high strength material were investigated. The 3MA data that were determined at the beginning
and at the end of the strip were associated to the destructively determined data of Rm and Rp0.2 data
in order to determine the calibration functions. Table 6 also shows the results of this calibration in
terms of the RMSE of the correlation between the 3MA data and destructive data.

In order to verify the calibration, i.e. to check the quality of the developed calibration
functions and to evaluate the measurement accuracy of this 3MA application, a series of comparing
measurements was carried out with the calibrated 3MA system. The nondestructively (nd) determined
values of Rm and Rp0.2 were compared with the values that were measured from destructive (d) tensile
tests at over 2700 strips. The diagrams of Figure 10 show the results of this comparison. The data from
all four steel grade classes are combined in these diagrams.
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Figure 10. Results of the verification of the calibration; comparison of the values from 3MA
measurements with destructively measured values: (a) for tensile strength, Rm and (b) for yield
strength, Rp0.2.

In order to evaluate the deviation between nd data and d data, the RMSE values for the four steel
grade classes are shown in Table 7.

Table 7. Steel grade classes and results of verification measurements for Rm and Rp0.2.

Steel Grade Class RMSE of Rm [MPa] RMSE of Rp0.2 [MPal] No. of Strips
IF, conventional 5.3 74 1985
IF, high strength 6.8 9.3 68
Bakehardening 11.2 15.6 55
Structural 7.5 12.4 34

According to the rules of error propagation, the measuring uncertainties of both methods (nd and

d) will contribute to the RMSE, i.e.,
RMSE = y/u,3% + uz? (2)
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where u,; and u; are the uncertainties of the nondestructive measurement and of the destructive
measurement, respectively. The values of the RMSE, as shown in Table 7, are close to the known
measuring uncertainties of the destructive tensile test, indicating that the measuring uncertainty of
3MA is in the same range.

Inline measurements of Rm and Rp0.2 with 3MA can be used in order to precisely determine the
acceptance range of a coil, as is shown in Figure 11. The threshold level (acceptance line) of 260 MPa is
not exceeded in the strip position range x > 200 m and x < 2400 m.
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Figure 11. Inline measurement of yield strength Rp0.2 in a coil of 2500 m in length; destructive
measurements of Rp0.2 at the beginning, at the end and in the middle of the strip are also shown as red
dots; the acceptance line indicating the threshold level of Rp0.2 = 260 MPa is shown.

In later developments, the 3MA systems for inline strip steel testing were also calibrated to surface
hardness and residual stress at different depths. These calibration results are shown in Figure 12.
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Figure 12. Results of the calibration to: (a) hardness and (b) residual stress at the surface and at depths
of 50, 100 and 200 pum (all RMSE values in MPa).

Calibration to hardness and residual stress was made with different steel grades from tool and
spring steels (75Cr1, CK75, 80CrV2), low and unalloyed steels (C55, C75), and heat-treatable steel
(50CrMo4), providing hardness levels that were between 40 and 54 HRC (Rockwell hardness type C).
Using X-ray diffraction determined the reference values for residual stress.

The different depths for the x-ray measurements were uncovered by electropolishing. Again, the
measuring results from the calibrated 3MA system were compared with the results from destructive
measurements. For hardness, the RMSE was in the range of 1 HRC. For residual stress, RMSE values
that were between 1 nd 47 MPa were determined, dependent on the steel grade and the measuring
depth (see Table 8).
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Table 8. Steel grades and results of verification measurements for residual stress.

Residual Stress, RS
Steel Grade At the Surface At50 um Depth  At100 um Depth At 200 um Depth

RMSE [MPa] RMSE [MPa] RMSE [MPa] RMSE [MPa]
75Cr1 47 1 3 4
80Crv2 15 1 9 31
50CrMo4 4 4 4 11

Based on these calibrations, the hardness and residual stress can be determined as a function of
strip position. Figure 13 shows a typical example. At the beginning of the strip, strong variations of
residual stress can be observed. The hardness is increased. After x = 60 m, the strip has calmed down,
i.e., hardness and residual stress have reached their “normal” values.
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Figure 13. Inline measurement of hardness and residual stress at the surface and at depths of 50, 100,
and 200 um.

Meanwhile, a wide range of 3MA installations for inline strip steel inspection exists. Figure 14
shows two of them. In the image of Figure 14a, the 3MA probe is applied above a large deflection
roller. On the other side, the probe head may also be applied with a robot, as shown in Figure 14b.
Meanwhile 3MA applications on hot strip, up to 300 °C can be realized, if the probe head is actively
cooled with pressurized air. Other optimizations of the probe head design allow for a lift-off of up to
5 mm.

@) (b)

Figure 14. Further variants of 3MA probe head application on the running strip: (a) on a large deflection
roller and (b) guided by a robot.
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4.2.2. Heavy Plate Testing

Heavy plate with a slab thickness of up to 400 mm or more is produced in nearly all unalloyed and
alloyed steel grades today. The diverse range of properties, e.g., yield strengths from 200 to more than
1100 N/mm? ensures the precise suitability for use in bridges, high rise buildings, offshore platforms,
ship building, line pipes, pressure vessels, heavy-duty machines, and much more. In order to reduce
the constructive thicknesses and, with it, the self-weight of a construction, higher-strength steel grades
are increasingly requested, while the weldability and the cold toughness must still be acceptable.

For the production of such steel grades, modern manufacturing processes, such as water/air
quenching and tempering, accelerated cooling, normalizing, and thermo-mechanical rolling are applied.
The customer asks for geometrical and mechanical properties, which are uniform across product length
and width, especially for these high-value grades. Consequently, high demands are made on the
determination and documentation of product quality.

Comprehensive dimensional, shape, and surface inspections already take place within the
production flow directly on the plate. On the other hand, it is still necessary to extract tests coupons
from the edges of the un-trimmed plate in order to determine the mechanical properties. Tensile and
toughness tests are performed according to the codes and delivery from highly qualified and certified
personnel and they cannot be integrated into online closed loop control with direct feedback. Costs in
the range of several thousands of Euros per year arise in a mid-sized heavy plate plant from coupon
scrap alone. For these reasons, heavy plate producers are eager to replace the mechanical testing of
coupons by nondestructive technology, allowing for these tests to be transferred from the laboratories
of quality assurance to the shop floor.

In a first project, a 3MA system was integrated into a trolley, allowing for 3MA tests to be
performed on plates moving on the roller conveyor line in the steel plant. Figure 15 shows this device.
A brushing device was integrated into the trolley in order to the remove scale that otherwise represents
a strong disturbing influence.

(b)

Figure 15. Remote application of the 3MA system in the roller conveyor line of a steel plant: (a) 3MA

inspection trolley and (b) remote control desk.

Calibration was done on coupons that were taken from the running production. It was apparent
that the best results could be achieved if individual calibration functions were used for each steel
grade and each plate thickness. In this case, the RMSE was in the range of 4 HB (Brinell hardness) for
hardness determination, 10 MPa for Rm, and 20 MPa for Rp0.2.

The main objective of a second project was to avoid pseudo-scrap in heavy plate by the precise
detection of the so-called cold ends in the mother plate after rolling [65]. This is shown in Figure 16.
Cold ends are developing due to altered cooling conditions and at the plate ends. The cold ends are
characterized by impaired mechanical properties (Rm and Rp0.2). Therefore, they have to be removed
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in order to assure a plate that fulfills the quality requirements over the entire length. For this purpose,
large sections—usually much larger than the cold ends—are cut off. Due to these safety margins,
pseudo-scrap is produced, i.e., material, which still fulfills the requirements on material conformity,
is unnecessarily removed and scrapped. In order to avoid this pseudo-scrap, the extension of the cold
ends has to be precisely detected. This can be accomplished by 3MA.

Rolling ,Mother plate” with cold ends Uncontrolled cutting

'L V L LD

R., Ry Controlled cutting
-> No pseudo scrap
Exact detection of cold X
o 5

ends with 3MA + US

Figure 16. Avoiding pseudo-scrap by precise detection of the extension of cold ends.

The plates that were investigated in this project were steel grades showing a pronounced
anisotropy of material properties due to a rolling texture. Therefore, it turned out to be useful
to combine the measuring information from 3MA with measuring parameters that are derived from
the time-of-flight (TOF) measurements of ultrasound (US) waves. It could be shown that, in highly
texturized steel grades, adding relative differences of the US TOFs to the calibration functions could
reduce the measuring error. This is shown in Table 9.

Table 9. Results of different types of calibration—without and with ultrasound (US) parameters.

Parameters in RMSE of Rm RMSE of Rp0.2 RMSE of Hardness
Calibration Functions [MPa] [MPa] [HB]
Only 3MA parameters 12 23 5
3MA and US parameters 10 11 4

The calibrated 3MA + US combination system makes it possible to determine the cold ends
before cutting by precisely detecting the positions of the acceptance lines, which are separating OK
and NOK quality material at the head and the root of the plate. Figure 17 shows the corresponding
measuring procedure. In a first step, the value of the assessing measuring quantity (here: tensile
strength, Rm) is measured in the reference point in the middle of the plate. Subsequently, the SMA +
US system is moved stepwise from the edge to the middle until the value of the measuring quantity
falls below a preset threshold level, which is the value at the reference point plus a specified margin
(here: ARm =15 MPa). Afterwards, the acceptance line has been reached and it can be drawn on
the plate.
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Figure 17. Measuring procedure for determining the cold ends at the plate head and at the plate root.

4.3. Applications in the Automotive Industry

4.3.1. Car Body Parts

It is well accepted that the use of hot-stamped steel or Press-Hardened Steel (PHS) in reinforcement
elements of the car body structure offers the possibility for significant reduction of vehicles” weight at
moderate costs [66]. However, the production of PHS parts is also very challenging. Today, OEMs and
suppliers offer a broad range of PHS products that are based on tailored steel properties and adapted
coating systems, including monolithic and patched blanks, tailor tempered blanks (TTB), tailor welded
blanks (TWB), and tailor rolled blanks (TRB) [67]. For that reason, there is a high demand for methods
that allow for the precise monitoring of the PHS production process in order to maintain it to fixed
targets and to ensure that PHS products in all variants meet the high quality requirements. This is
crucial for the automotive industry in order to maintain and improve its competitiveness in a global
market [68].

The mechanical properties of the PHS are adjusted not in the steel plant during the process,
but only afterwards during hot forming. In order to meet the material specifications, all process
parameters during heating, forming, and quenching must be kept within strict tolerance bands.
Nevertheless, process disturbances, such as furnace malfunctions, wear on the pressing tool,
or breakdown of the cooling circuit in the press could affect the material quality. Deteriorated material
properties could also result if the heated blank cools down too fast during transfer between the furnace
and press. In the case of AlSi-coated blanks, a complicated coating layer structure is developed in
the furnace. In order to achieve the optimum press-hardening results and paint adhesion, this layer
structure has to meet strict specifications.

The application possibilities of 3MA for quality assurance and process monitoring in PHS
production have been researched, since the first use of PHS in large-scale automotive production in
2004 [56]. Based on the calibrated 3MA technique, quantitative values of hardness, tensile strength
(Rm), elastic limit (Rp0.2), fracture elongation (A50) and uniform elongation (Ag) of the PHS material
can be determined. The 3MA calibrations are generally steel-grade specific. Thus, different calibration
functions for the hardenable and the nonhardenable parts in a TWB have to be used. Additionally,
each coating type requires an individual calibration. The diagrams in Figures 18 and 19 show the result
of a calibration for an aluminum-silicon (AlSi)-coated steel of grade 22MnB5. Usually, for hardness
and Rm, the 3MA parameters provide the best correlations, whereas the correlations for A50 and Ag
(not shown here) are the worst.
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Figure 18. Results of the calibration for the mechanical properties in AlSi-coated Press-Hardened Steel
(PHS): (a) tensile strength and (b) yield strength.
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Figure 19. Results of the calibration for mechanical properties in AlSi-coated PHS: (a) hardness and
(b) fracture.

To a lesser extent, the steel sheet thickness also influences the 3MA signals. Therefore, two
separate calibrations for sheet thicknesses that are smaller and larger than 1.0 mm have proved to be
beneficial. On the other hand, it was shown that batch or supplier variations have no detectable effect
on the calibration functions.

The widespread AlSi coating often develops a layer structure with a diffusion layer that consists
of ferromagnetic Al-Fe phases. Besides the streel substrate, this diffusion layer will produce a second
contribution to the 3MA signals, which is distinguishable from the steel’s signal contribution. This is
shown in Figure 20.

BARKHAUSEN NOISE INCREMENTAL PERMEABILITY

Autoscale e Autoscale e

Figure 20. Barkhausen Noise (BN) signal (left) and IP signal of an AlSi-coated PHS part; the
characteristic double-peak structure is clearly visible.
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The Barkhausen Noise (BN) signal and, to some extent, the Incremental Permeability (IP) signal
show a characteristic double-peak structure. When comparing the measurements on coated and
uncoated sheets have shown that the outer peaks, appearing at higher magnetic fields H, are generated
by the steel substrate, whereas the inner peaks at lower fields H result from the ferromagnetic diffusion
layer. The height of the inner peak is dependent on the amount of this diffusion layer. Therefore,
some of the 3MA measuring parameters are correlated to the diffusion layer thickness (DLT). Moreover,
there are also 3MA measuring parameters that are dependent on the lift-off between the 3MA probe and
steel substrate. These parameters can be used to determine the total thickness (TLT) of the AlSi coating.
The values of DLT and TLT are relevant for the further processing of the PHS parts, because they affect
weldability and paintability. The AlSi coating is burned into the steel during a time-consuming furnace
process. During this time, the diffusion layer is developing. Therefore, the values of DLT and TLT
are important measures for controlling the proper processing in the furnace. For these reasons, PHS
producers also are very interested in measuring these coating properties. This is possible with 3MA,
as is shown in the calibration diagrams of Figure 21. The accuracy (RMSE = 1.0 um and 1.7 um) is
sufficient in order to evaluate the coating quality.
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Figure 21. Results of the calibration to coating layer thickness in AlSi-coated PHS: (a) total layer
thickness (TLT) and (b) diffusion layer thickness (DLT).

This is shown in Figure 22a, which is a screenshot of the 3MA results that re displayed after
a measurement on a PHS part. The measuring time was only three seconds. Due to the fact that
the field-of-view of the 3MA probe is only a 1-2 mm in diameter, 3MA can be used to inspect
sharp transitions of material properties, as they are preferred in tailor tempered blanks (TTB).
The development of hardness and other mechanical properties in such a sharp transition can be
detected with 3MA, as shown in Figure 22b. Such measuring profiles of hardness, Rm, Rp0.2,
etc., cannot be determined by conventional destructive testing methods. Therefore, 3MA offers
additional information that is not available from destructive tests. 3MA can be manually applied in
PHS production. Meanwhile, automated 3MA systems that are based on conventional or collaborative
robots have been developed.

Meanwhile, there is a comprehensive calibration database for the 3MA application on PHS.
Calibrations are available for all steel blank and coating types (see above) and usual sheet thicknesses.
When calibration is completed, all of the calibrated target quantities can be simultaneously determined
in a single measuring step. Joining of PHS always bears the risk of irregularities that affect the static and
dynamic strength of the joint. Additionally, for PHS welding, 3MA can provide valuable measuring
information for quality assurance and process monitoring. In the case of Resistance Spot Welding
(RSW), the strength of the welds is mainly defined by the size and quality of the weld nuggets. It was
shown that 3MA allows for the size of the weld nugget to be accurately determined [69].
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Figure 22. Results of the application of a calibrated 3MA system: (a) screenshot of the results displayed
after a single 3MA measurement and (b) profiles of mechanical properties in a sharp transition zone.

If the PHS should be laser welded, the aluminum-silicon coating could be a problem. Therefore,
the coating is partially ablated by laser. Again, the 3MA technique can be used in order to verify
the success of the partial ablation by determining the thickness of the residual coating layer [70].
Meanwhile, PHS testing is the most successful 3MA application by far. Almost all of the PHS-producing
OEMSs and suppliers from the automotive industry use 3SMA.

4.3.2. Surface-Hardened Parts and Machined Parts

Surface heat treatments and machining processes are necessary to provide materials with the
desired strength, shape, and surface quality. Hardening the material’s surface by case-hardening,
induction hardening, or nitriding will increase the resistance to surface wear without impairing the
material’s toughness in the bulk. Usually, the workpiece is already formed or milled to its final shape
when surface hardening is applied. Therefore, unavoidable quenching distortions that are due to
hardening usually have to be removed afterwards. In order to ensure a high-dimensional workpiece of
accurate form, a subsequent fine machining of the workpiece’s surface by means of turning, grinding,
honing, or polishing is often required after hardening. However, this surface machining process can,
again, result in unwanted changes in the material’s microstructure. Machining can lead to a local
temperature increase on the surface of the workpiece and thus thermally induced damage to the
near-surface edge zones—the so-called “grinding burns”. Depending on the degree of damage, this
leads to an unfavorable change in the depth profiles of the hardness and residual stress, even resulting
in hardening cracks.

The most important quality characteristics of surface-hardened workpieces are the hardening
depths, i.e., the surface-hardening depth (SHD) after induction hardening, the case-hardening depth
(CHD) after carburizing, the nitriding hardness depth (NHD) after nitriding, and the fusion hardness
depth (FHD), e.g., after laser hardening. In addition, the hardness and residual stress values at the
surface and in the bulk or even the depth-profiles of hardness and residual stress are relevant in order
to assure the quality of such workpieces. All of these material parameters can be determined with
3MA after appropriate calibration. Figure 23 shows the CHD and SHD calibration results. For all
surface-hardening mechanisms, 3MA not only allows the hardening depth to be determined, but also
the hardness at the surface, the core hardness, and the hardness values between.

With verification measurements on parts not used in these calibrations, the RMSE values, i.e.,
the average deviations between the nondestructive and destructive measuring data of 0.07 mm for
CHD and 0.13 mm for SHD could be determined. Applications for the determination of FHD with
3MA have also been previously described [71,72]. Especially impressive are the results of 3MA for
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determining the NHD, e.g., in piston rings [44]. The typical values of NHD were between 60 and
100 pum. It was found that, for the NHD values determined with 3MA, the reproducibility is better
than for the values determined by metallographic investigations (Nht700 test).
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Figure 23. Results of the calibration to hardening depth: (a) case-hardening depth (CHD) and (b)
surface-hardening depth (SHD).

In the case of machined workpieces, not only the hardness, but also the residual stress in its depth
distribution will be of interest. In order to provide quality information regarding the microstructure of
a grinded component, the nital etching method is often used. This method does not work completely
nondestructively. Grinding defects, e.g., tempering zones and re-hardening zones, will be indicated
by the discoloration of the surface after the etching process. This method is useful so long as the
information from the material’s surface is sufficient to describe the overall quality of the grinded
workpiece. Nevertheless, thermally induced changes in the microstructure and residual stress due
to grinding could reach up to 100 pm material depth or more. Moreover, such deep grinding defects
could be “hidden”, e.g., covered by material with appropriate microstructure and residual stress.
In such cases, it will not be possible to detect all grinding burns with nital etching.

For years, 3MA has been used for the nondestructive detection and characterization of grinding
burns. Such applications of 3MA have been developed in cooperation with industrial partners [40].
As part of a research project (FVA No. 453) with research partner FZG from Technical University of
Munich, the relationships between the load-bearing capacity of gearwheels and the hardness (Hd) and
residual stress (RS) in the gear wheel tooth flanks that are influenced by grinding were examined [73].

On the basis of the 3MA technique, the gearwheels were nondestructively tested, so that a tested
gearwheel could be systematically examined in running tests with regard to its tooth flank load capacity
and with regard to the change of the material properties in the tooth flanks. A specially adapted
and miniaturized 3MA probe was developed and then integrated into a multi-axis manipulation
system (see Figure 24). This so-called “gearwheel scanner” allows for the tooth flanks to be scanned in
meander-shaped surface scans.

For calibration, the 3MA measuring parameters were recorded on undamaged gear wheels with
different degrees of grinding damage. Subsequently, the gradients of Hd and RS in these gearwheels
were measured with the reference methods (Vickers hardness and X-ray diffractometry). On this
database, the 3MA system was calibrated to hardness (Hd) at the material depths of 0.1, 0.2, 0.3, 1.0,
and 3.0 mm and to the residual stress (RS) at the depths of 0.00, 0.01, 0.02, 0.04, and 0.06 mm (see
Figure 25). The results show remarkably good correlations between 3MA parameters and Hd and RS;
the RMSE value for the Hd calibration was 3HV and for the RS calibration 10 MPa, respectively.
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Figure 25. Results of the calibration to depth-dependent material properties: (a) hardness at depths of
0.1,0.2,0.3, 1.0, and 3.0 mm and (b) residual stress at depths of 0, 0.01, 0.02, 0.04, and 0.06 mm.

The application of the calibrated 3MA system on gearwheels with different degrees of grinding
damage is shown in Figure 26. Table 10 shows the meaning of the marking codes of the curves in the

diagrams of Figure 26.
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Figure 26. Results of measurements with the calibrated 3MA in gearwheels showing different degrees
of grinding damage with designations FAO-II ... FE3-II: (a) hardness profiles and (b) residual stress.
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Table 10. Results of different types of calibration—without and with US parameters.

Light tempered zones

FAO-II No grinding damage FB1-1I at < 10% of the flank
Light tempered zones Light tempered zones

FB2-11 at 10 to 25% of tooth flank FB3-II at > 25% of tooth flank

FD3-I1 Strong tempered zones FE3 Re-hardening

Because the application of 3MA is completely nondestructive, such measurements of hardness
and residual-stress profiles could be repeated during the stress tests of the grinded gearwheels, as is
often as desired. These investigations allowed for detailed analysis of the relation between the extent of
grinding damage and the behavior of the gearwheels during the stress tests. Characteristic features in
the Hd and RS profiles that are relevant to the durability of the gearwheel could be identified, allowing
for the load-bearing capacity (pitting fatigue strength) of grinded gearwheels to be predicted based on
measurements with 3MA.

The determination of depth-profiles of hardness (Hd) and residual stress (RS) is useful, not only for
gearwheels, but also for other elaborately processed components, such as valve springs. The production
process of these high-performance parts includes several steps that result in a final product with
complicated Hd and RS depth-profiles. These can be nondestructively determined with the 3SMA
“valve spring scanner”, which is shown in Figure 27a. As shown in Figure 27b, H can be determined at
material depths of 0.25, 0.50, 1.00, and 2.00 mm and RS at depths of 0.00, 0.05, 0.10, 0.20, and 0.30 mm.

" Result Display (rev 57)
Ergebrisse  Enstelungen

Valve spring

A" J Hardness 250 ym: 648 H

Hardness 500 pm
Sensor element

Hardness 1000 um: 665 H
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Figure 27. 3MA valve spring scanner system: (a) measuring system and (b) application for
depth-dependent determination of hardness (Hd) and residual stress (RS).

5. Limitations

The application of 3MA is limited to only ferromagnetic materials. Due to the skin effect,
the analyzation depth of the 3MA application is always restricted. As already described, this maximum
electromagnetic interaction depth is dependent on probe head design and on applied magnetic field
strength and excitation frequency. Moreover, the material properties (conductivity and magnetic
hysteresis), as well as the size and the shape of the inspected specimen, will have an influence. Usually,
the maximum interaction depth is not previously known, leading to an uncertainty in depth-dependent
measurements. Fortunately, powerful simulation tools have been developed at Fraunhofer IZFP,
allowing for a realistic prediction of the maximum interaction depth [74].

In general, 3MA calibration can be challenging. Usually, a series of calibration samples with
graded target values is required. Even if the 3MA calibration measurements only represents little
effort, the production of these calibration parts and their (destructive) testing with reference methods
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could be expensive in time and costs. However, these costs must be faced with the enormous savings
potential of the application of the calibrated 3MA system.

Current research activities aim to reduce the experimental effort for SMA calibration by developing
generalized material databases and by using simulation models that are combined with machine
learning algorithms (see Section 3.6).

Further optimization of the 3MA probe head should be dedicated to the increase of its robustness
and wear resistance in harsh environments, because, today, probe head damage due to its intensive
usage cannot be avoided. Furthermore, there is a need for the realization of large probe heads allowing
for lift-offs higher than 5 mm. On the other side, smaller probe heads with a sensitive area not bigger
than 0.5 x 0.5 mm? are required for testing parts with restricting geometry (for example, in the radius
of crankshafts). Additional measuring information could result from a deeper analysis of BN and IP
double peak signals and IP droplet curves [75,76].

6. Conclusions

The fundamental idea behind 3MA was born more than three decades ago. The main 3MA
principle, i.e., the multiparametric approach, is based on the combination of measuring information
from several micromagnetic methods and several measuring parameters. This allows for avoiding
measuring ambiguities and offering the possibility to not only detect qualitative changes, but also
to determine the quantitative values of the target quantities. The combined methods differ in their
interaction mechanisms and interaction depths, and therefore their combination allows for the influence
of disturbances (e.g., temperature, batch variations) to be minimized and different material depths to
be sampled at once. The authors are convinced that the method combination is crucial in achieving
correct and reliable results in the application of micromagnetic methods. Without this approach,
the 3MA technique would not be so accepted in this dimension in research and industry.

So far, a broad range of applications on a variety of materials and components has been
reported. 3MA was successfully used to quantitatively determine hardness, hardening depth, residual
stress, parameters of static and dynamic tests (tensile, bending, fatigue, creep, impact testing),
and microstructure features (texture, cementite, retained austenite). Meanwhile, some applications
have been developed to an impressively high degree of technical maturity. Today, specialized 3MA
systems are available for the testing of semi-finished products, such as strip steel and heavy plates,
as well as all types of ferromagnetic steel or cast iron components, such as cold- or hot-formed parts,
machined (milled, turned, grinded, etc.) parts, and heat-treated (through, induction, case hardened,
etc.) parts. Nevertheless, there are still application possibilities to be explored and to be turned into
industrial-suited 3MA systems. Current research activities are concerned with the implementation of
3MA into closed-loop control schemes. In the future, advanced 3MA systems will be able to identify
individual products. The experimental effort towards 3MA calibration will be reduced, and the 3aMA
hardware and software will be further developed in regard to costs and large-scale manufacturability.
Hence, ample work remains, at least for the next three decades.
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