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Abstract. In steel manufacturing, the conventional method to determine the
mechanical properties and microstructure is by offline, destructive
(lab-)characterisation of sample material that is typically taken from the head or the
tail of the coil. Since coils can be up to 7 km long, the samples are not always
representative for the main coil body. Also, the time delay (typically a few days)
between the actual production and the availability of the characterisation results
implies that these results cannot be exploited for real-time adaptation of the process
settings.

Information about the microstructure and material properties can also be
obtained from electromagnetic (EM) and ultrasonic (US) parameters, which can be
measured in real-time, non-destructively, and over the full length of the steel strip
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product. With the aim to improve the consistency in product quality by use of inline
EM and US measurements, a European project called "Product Uniformity Control"
(PUC) has been set up as a broad collaboration between 4 major European Steel
Manufacturers and 10 Universities / Research institutes.

Using both numerical simulations and experimental characterisations, we study
the inline measured EM and US parameters in regard of the microstructural and
mechanical properties. In this way, we aim to establish an improved understanding
of their mutual relationships, and to apply this knowledge in existing and new non-
destructive evaluation techniques.

In this paper, the concerted approach of modelling and experimental validation
will be addressed, and results of this work will be shown in combination with inline
measured data.

Keywords. steel, material characterisation, mechanical properties, non-destructive
evaluation, inline monitoring

1. Introduction

The majority of steel used for automotive applications is produced as ‘infinitely’ long
flat (strip) steel, with typical width of 1 — 2 m, and thickness ranging from 0.6 — 1.6 mm.
For the ease of transport to the customer, the steel industry ships the strip steel as coils
to the customers, see figure 1. Each coil typically measures several km of strip length
and weights 10 — 20 tons. Next to the timely delivery of the product according to the
required dimensional tolerances, the steel manufacturer strives for high quality standards,
in particular regarding the surface condition, as well as the forming properties and the
mechanical strength. This paper focuses on the latter quality aspects, i.e. the mechanical
properties.
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Figure 1. Steel coils ready for dispatch to customers. Figure 2. Example of granular microstructure of
steel, here of a traditional low-carbon steel.

The mechanical properties are governed by the microstructure of the material.
Traditionally, the microstructure and the mechanical properties of steel strip are
determined from samples taken from the head or tail parts of a coil. From these samples,
specimens are prepared for (automated) tensile testing and for microstructure analysis.
Typical engineering parameters deduced from the stress-strain curve obtained by tensile
testing are the yield strength (Rp) and tensile strength (Rm). Microstructural parameters
that have a relation to the mechanical properties are grain size (distribution), crystal
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orientation (texture) (distribution) and phase (or phase constituent) volume fractions.
These can be imaged by an electron backscatter diffraction (EBSD) measurement, as
illustrated in figure 2, which shows the grain pattern of a low carbon steel.

In recent years, the strong drive to reduce the weight of cars has stimulated the
development and manufacturing of new high-strength steel grades. These grades owe
their higher strength from the finer dispersion of their microstructure. In particular, the
microstructure of these ‘advanced high-strength steels’ (AHSS) is featured by reduction
of the grain size and the introduction of (hard) secondary phases, small precipitates, and
highly irregular grain boundaries, and combinations thereof, as illustrated in figure 3.

In comparison to the regular grades, the microstructure and hence the mechanical
properties of these AHSS grades are more sensitive to the exact thermo-mechanical
processing, i.e. the heating and cooling trajectories.

The partly batch-wise processing of the steel, in the form of slabs / coils, intrinsically
results in the impossibility to have a fully identical thermal treatment for each part of the
strip. For instance, the heating of slabs in furnaces is non-uniform, speed variations occur
in the process (acceleration and deceleration of the strip), and the cooling down of the
hot-rolled coil is non-uniform. As shown in figure 4, these phenomena may lead to a
significant variation of the microstructure and hence in the mechanical properties. This
typically occurs in the extremities (head and/or tail) of a strip. Figure 4 shows the
variation of a magnetic measurement (here: IMPOC) over the length of an AHSS strip
(Dual Phase grade (DP)). Clearly, the first 50 m of the strip deviates from the bulk part.

It is notably this type of inline measurement technology that can help to get insight
into the occurrences of microstructure variations, i.e. to detect their occurrence, evaluate
their severity and study the frequency of occurrence in relation to (given combinations
of) processing parameters. Further along this road, microstructure monitoring can
provide checks to keep up with the required tighter process window for AHSS and to
ensure that the product meets the mechanical property specification over its entire length.

To investigate the topic of the uniformity of steel strip in more detail, and to develop
instrumentation for the fast, inline characterisation thereof, a large European consortium,
comprising 4 major European steel manufacturers, has been established in the project
“Product Uniformity Control’, started in 2013.

Inline IMPOC measurement on DP steel grade

Non-uniform part
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Figure 3. Example of AHSS microstructure, Figure 4. Example of inline magnetic measurement
here with about 15% martensite (white area in ~ (IMPOC) on cold-rolled, galvanized AHSS steel (Dual
picture), 12% bainite, and 73% ferrite. Phase steel).
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2. Background
2.1. Microstructure of steel

The microstructure of steel is formed during the manufacturing process of subsequently
casting, hot-rolling, cold-rolling, (continuous or batch) annealing and finishing (temper
rolling, coating and skin-pass rolling). Low-alloyed, low carbon steel has a ferritic grain
like structure with average grain size in the 10 — 50 micron range. Higher alloying
contents, often in combination with faster cooling trajectories, result in the creation of
(additional, i.e. ‘secondary’) phases or phase constituents like pearlite, bainite and
martensite, which are generally harder than ferrite.

In the study of the microstructure, different microstructure parameters are
distinguished 2, i.e.:

*  Grain size (distribution)

*  Grain morphology, grain elongation (aspect ratio)

*  Texture (crystal orientation)

*  Secondary phase fractions (and connectivity of phases)

*  Precipitate density and precipitate size

*  Dislocations
Precipitates are small particles (1 nm — 1 um) of carbides and nitrides of (typically) Nb,
Ti or V and dislocations are (tiny) lattice distortions due to straining of the material. All
the microstructure parameters listed above play a role in the determination of the
mechanical properties of steel, and hence they are of importance for the aim of materials
characterisation. However, during the manufacturing of steel, these microstructural
parameters will not vary one by one, but their variation of almost always coupled. This
makes it difficult to attribute a change in a (macroscopic) property to its individual
microstructural contributions in a quantitative way.

2.2. Non-destructive evaluation techniques used in steel manufacturing

Past research work [1-17] has investigated and developed electromagnetic (EM) and
ultrasonic (US) techniques that are sensitive to individual features of the steel
microstructure. Advantages of the EM and US techniques are their non-destructive
nature and the potential to apply them in non-contact mode, and in harsh environments.
These capabilities give them preference over X-ray diffraction (XRD) based methods:
although providing more direct information on the microstructure in a lab environment,
XRD measurements are (still) regarded to be too vulnerable and too expensive for use in
inline monitoring applications in the steel processing industry, where water, dust and the
fast movements of the product would spoil the signals. In the present scope of
electromagnetic non-destructive evaluation (ENDE), this contribution will address only
the EM related work that is carried out in the PUC project.

In the application of EM techniques for the NDE of the microstructure, an imminent
problem is the fact that, generally spoken, magnetic properties are sensitive to all the
microstructure parameters of steel listed in section 2.1, and hence are not selective.
Accordingly, this poses a huge challenge in the interpretation of a variation in a measured

2 The chemical composition of the steel is supposed to be known from the chemical analysis in the
steelmaking plant.
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EM signal in terms of a variation in microstructure. The next section highlights the
approach which is followed by the consortium to investigate this problem in detail.

3. Approach

From the previous section, it is clear that the inverse problem in EM has too many
solutions to give direct answers without further knowledge of the possible microstructure
configurations that could occur within the scope of the process. Therefore, an approach
has been defined consisting of both an experimental characterisation chain and a
modelling chain, which has been depicted schematically in figure 5. In the experimental
characterisation chain, samples from different stages in the steel production chain have
been taken to investigate their (uniformity in) microstructure, EM properties and NDE
instrument output parameters. In addition, a selection of samples are used for dedicated
laboratory experiments to investigate influences from operating conditions, like the
influence of lift-off, (transversal) speed and zinc coating thickness (since most steel
suppliers galvanise the steel strip for automotive applications). Moreover, small
reference samples have been prepared specifically to explore systematically the effect of
variations in the microstructure parameter space on the fundamental (ultrasonic and)
magnetic properties. The experimental data from these experimental studies partly serves
as input, and partly as validation data for the simulation chain. In the simulation chain,
models are built to investigate the direct problem: i.e. given a certain well-defined
microstructure, what are its EM properties? And given these EM properties, what are the
responses of the EM measurement equipment (in given operating conditions)?

¥" Modelling of materials,
properties and sensors
Characterisation of Microstructure = Microstructure
Microstructure data geometry modellmg

¥" Laboratory Samples
¥" Industrial Samples

Characterisation of Fundamental = Fundamental
EM - propertles EM - properties property modelling

Lab Measurements
with NDE equipment

Figure 5. Experimental and modelling chains in the PUC project.
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With the use of computer generated microstructures, it is straightforward to vary just
one microstructure parameter at a time to study its individual effect on the magnetic
properties (and on the NDE measurement), and rank the effects according to importance
in a given position in the microstructure parameter space. Another possibility is to
generate a multitude of different microstructures, even beyond physically realistic
structures, to explore the full microstructure parameter space.

4. Description of models

Modelling of fundamental magnetic properties of polycrystalline microstructures like
steel has to be considered as a 3D problem. Model reduction to 2D model descriptions is
deemed to fail because even in the simpler case where isotropic behaviour is assumed,
the reduction of the number of degrees of freedom limits the possible magnetic flux paths,
resulting in solutions that falsely predict a harder magnetic behaviour. As a consequence,
2D microstructure descriptions that are readily obtained from micrographs or EBSD
measurements cannot be used as direct input to magnetic property modelling, which
underlines the need to rely on 3D microstructure geometry models for this purpose.

4.1. Microstructure geometry modelling

The 3D microstructure geometries are generated using multi-level Voronoi modelling
[18-20], see figure 6 for illustrations. The microstructure generation tool allows to
control grain size, grain morphology, texture, phase ratios and their distributions. The
resulting geometries are described in text files with a format similar to EBSD output,
providing a simple and efficient way to interface to fundamental property models.

Figure 6. Example of computer generated 3D microstructures. Left: with equal grain aspect ratio in all 3
dimensions; Right: with 1:1:3 aspect ratio in grain size, allowing to study the effect of grain morphology.

4.2. Fundamental EM property modelling

For the modelling of the fundamental magnetic behaviour, two courses are taken: a
micromagnetic approach to solve the magnetic problem on the (sub-)micron scale, and a
finite element approach to deduce effective magnetic permeability on a mesoscale.



126 ED. Van Den Berg et al. / Product Uniformity Control

4.2.1. Micromagnetic modelling

Micromagnetism, introduced by William Fuller Brown Jr in 1963 [21], treats the physics
of magnetism at sub-micrometer scale. The small scale is required to resolve domain
walls and their interaction with matter. Due to the fine spatial resolution that is required,
the numerical computation of micromagnetic problems demands high computational
power and the solutions are often limited to small volumes.

The solving technique applied here uses a finite difference like discretization scheme
of the Landau and Lifshitz equations to find the energy minimum of the sum of these
contributions at each step of a magnetisation cycle, resulting in the magnetic hysteresis
loop [22,23]. It appears that a stable solution can be achieved when the configuration is
set to saturation magnetization in the initial state, and relaxed to zero applied field.

4.2.2. Modelling of the effective relative magnetic permeability

For the particular purpose of phase ratio evaluation in dual phase and multiphase steels,
a fast and effective solution to model the effective magnetic permeability is found by 3D
finite element modelling in COMSOL of the granular structure, in which the grains have
been assigned to different phases with different magnetic permeabilities. The same
approach has been used to account for the grain size effect on the magnetic permeability
by assigning a different (higher) permeability to a narrow zone around the grain boundary
compared to the bulk.

4.3. EM-based NDE instrument modelling

EM NDE instruments that are used for inline measurement in steel manufacturing and
that are studied within the PUC project, are IMPOC, HACOM, EMSPEC (MFIA) and
3MA. These instruments have been described in [24,25].

The modelling of these instruments is performed by different institutes using
different software packages. For IMPOC [26], a combination of Finite Integration
Techniques and a mesh-less modal approach is used to calculate the field gradient after
a pulse excitation. HACOM [27] and EMSPEC [28] have been modelled in ANSYS-
MAXWELL [29] and the 3MA [30] in ALTAIR-FLUX [31].

5. Results

Low carbon steel samples of identical chemistry have been heat treated to produce
a range in grain size. These samples have been characterised on microstructure (grain
size) and on magnetic properties, see figure 7. Their microstructures have been simulated
in 3D geometry models, serving as input for the fundamental modelling of the magnetic
behaviour. Figure 7 compares the initial magnetic permeability (i) and the coercive
field Hc as function of the grain size. Details on samples, measurements and models are
given in [32]. A good agreement is found between model prediction and experimental
results, in particular for the p.i-model while the micromagnetic model may suffer from
a too coarse mesh for a proper description of Hc in the lower grain size region.

A demonstration of the capabilities of the instrument modelling is given in figure 8,
showing the modelled and measured incremental permeability (IP) as sensed by the 3MA
instrument for different lift off settings. As can be observed, the IP curve shape is well
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reproduced. The effect of lift off on the signal drop is qualitatively well reproduced,
albeit from a quantitative perspective further improvements could be made.
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Figure 7. Model and experimental results for the initial magnetic permeability (mu) and coercive field Hc
as a function of the grain size, for a fully recrystallised low carbon steel.
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Figure 8. Simulated and measured incremental permeability of the 3MA, for different lift off settings.

An illustration how the inline magnetic data can be converted to microstructure
information is given in Figure 9. Here, the data from the inline IMPOC system, situated
in the pickling line of one of the steel manufacturers in the consortium, has been analysed
on its deviation from the baseline of a given coil of an interstitial-free steel grade. The
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deviations stem from the positioning of the steel slabs on support bars in the reheating
pusher-furnace prior to hot rolling. At the support bar positions, the slab temperature
remains lower than in the unsupported length sections, resulting in slight differences in
grain size for this grade.

From measurements on samples, phenomenological relations have been deduced
between IMPOC values and coercive field He, and between Hc and grain size (see Figure
7), which form the basis for the calculation of the grain size evolution over strip length
as depicted in Figure 9. In the calculation, a baseline grain size of 28 microns has been
assumed based on microstructure characterisations on multiple samples from this grade.

Inline grain size evaluation
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Figure 9. Microstructure evaluation over length using the electromagnetic IMPOC instrument. The blue
markers (bottom, left axis) represent the deviation of the IMPOC data from the baseline. The orange
markers (top, right axis) shows the grain size deduced from the measurement.

6. Conclusions & Outlook

Within the European collaboration project PUC, we have been able to develop direct
models to predict magnetic behaviour and sensor response. Microstructure variations at
grain size scale could be measured and modelled and appear to have significant effect on
the magnetic properties, with good correspondence between models and experimental
observations. We have shown that the 3D microstructure geometry modelling is a
powerful tool to generate a multitude of well-defined microstructure variations, A next
step is to broaden the microstructure model space to study the inversion problem, e.g. by
the use of reduced models or surrogate modelling, in order to interpret the sensor
measurements back to microstructure variances. From the relations between instrument
data, fundamental electromagnetic properties and microstructure, we managed for
certain steel grades to deduce the grain size over length from inline magnetic
measurements.

Albeit significant progress have been made, there are still phenomena that need to
be studied in a quantitative way, like the effects on the magnetic behaviour caused by
microstructure details at the submicron scale, i.e. precipitates and dislocations.
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Furthermore, texture, stress and depth gradients are potentially present in the material
due to the rolling processes to which the steel strip is subjected. The incorporation of
these effects is therefore also important for a good understanding of the measurement
data. The large number of microstructure parameters that have influence on the magnetic
properties underline that a deep knowledge of the production process and its resulting
metallurgical variations is a prerequisite in the interpretation which microstructure
variation(s) may cause the measured (magnetic) variations.
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