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Abstract

Interstitial free (IF) steels, as third generation of deep drawing steel, are used in the automotive industry
for applications requiring good formability, strength and a superior surface quality. The formability is
achieved by having a desired strong gamma fibre (y-fibre) crystallographic texture, which is typically
measured using EBSD or XRD, and is quantified by measuring the r-value from tensile tests. It is
desirable to be able to evaluate the crystallographic texture using non-destructive testing on production
material. Magnetic anisotropy measurement is an attractive approach as the magnetic behaviour of steel
is known to be affected by its crystallographic texture. A set of interstitial free steel samples, at different
stages of recrystallisation process (i.e., commercially cold rolled and annealed to achieve fully
recrystallised microstructures and partially recrystallised) and consequently different texture
components have been employed to study the measurement and possibility of predicting magnetic
anisotropy in IF steels. In order to compare the predicted magnetic anisotropy to the measured values,
a finite element (FE) microstructure model that takes into account crystallographic texture was applied.
The findings indicate that the deployable non-destructive technique - proposed U-shaped
electromagnetic (EM) sensor that can be placed onto a sheet specimen, is promising for a rapid

assessment of the magnetic anisotropy in IF steels.
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Introduction

Interstitial free steels (IF steels) find wide application in the automotive industry, due to their excellent

formability. Crystallography texture is a key factor of interstitial free (IF) steel sheets as it is linked to
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plastic anisotropy, which is favourable to sheet metal formability[1]. Good formability is correlated
with high rm-value (normal anisotropy) [1]. Steels that are suited for deep drawing applications should
have an r,,-value above 1.8, while isotropic steels have an r,,-value around 1 [1]. Low normal anisotropy,
Ar, and high plastic anisotropy, 1, are essential to ensure satisfactory drawability [2].

The main factors that influence the deep drawability of IF steel are the chemical composition, hot rolling
parameters, subsequent cooling and annealing process, friction between the material and rolls [3].The
development of texture during various treatments including transformation of austenite to ferrite, hot
rolling, cold deformation, and final continuous annealing (recrystallisation and grain growth) has

therefore had significant amount of attention [3-6].

In terms of production, conventionally processed interstitial-free (IF) steel is hot rolled in the austenite
region and coiled, resulting in a weakly textured hot band strip. Individual crystals with random texture
during cold rolling process rotate by slip processes towards two important sets of orientations, the o-
fibre set, and the y-fibre set [7]. The strength of these texture components, particularly the a-fibre,
increases with cold rolling reduction [8,9] and during the final continuous annealing step, a well-
advanced state of recrystallisation eliminates the detrimental rotated cube component, leaving behind
texture with a strong y-fibre [9] which is beneficial for excellent deep drawability [10,11]. It is desirable
to be able to measure the intensity of texture that develops, for instance, considering magnetic
anisotropy behaviour as this could be linked to the properties of final product and, if measured non-
destructively, can be used for product quality control during production of steel.

When polycrystalline ferromagnetic materials are evaluated to assess magnetic properties, it can be
observed that the magnetic properties are frequently observed to depend on the direction in which the
properties are assessed if there is strong crystallographic texture, Such magnetic anisotropy is due to
the fact that there are certain orientations ( <100> directions in steel) that are easier to magnetise

(magnetic easy axis) [12,13] than the others.

Commercial electromagnetic (EM) sensor systems, including the HACOM, IMPOC, 3MA and
EMspec™ systems are employed to non-destructively monitor strip steels during steel production [14],
with the former three used for final product characterisation (signals related to tensile strength) and the
latter for phase transformation monitoring during cooling after hot strip rolling.

These systems do not currently measure texture-related anisotropy as they have not been designed to
measure the anisotropic magnetic signal. One also should not overlook the fact that some research has
been carried out in the laboratory to characterise recovery and recrystallisation of IF steel using
magnetic properties [11,15-17]. However, these methods are not currently utilised to assess texture and

do not take anisotropy into account.



There are off-line electromagnetic (EM) systems used on products or laboratory samples measuring
samples machined in different orientations/directions, such as Epstein Frame (EPF), Single Sheet
Testers (SST) and Magnetic Barkhausen Noise (MBN) sensor. These techniques have been used
extensively to characterise texture in electrical steels [18-21]. For example, Pluta et al. measured power
loss in electrical steel taking into account the phenomenon of magnetic anisotropy showing that both
hysteresis and additional eddy current loss components strongly depend on magnetic anisotropy [22].
Based on angular MBN measurements, Caldas-Morgan et al. proposed a method to assess magnetic
anisotropy in ferritic stainless steel materials [23]. In this method the rotation speed should be low
enough to minimize undesired effects such as eddy current damping and saturation of the amplifying
circuit, however, the technique offers a practical experimental procedure used to find the macroscopic
magnetic easy axis of ferromagnetic materials (qualitative evaluation of the anisotropy) [23].

Since there are currently no systems established to non-destructively evaluate crystallographic
anisotropy in IF steels the purpose of this work is the development of a method for measuring texture
in strip steels samples using deployable sensor (i.e., EM sensor). This has been achieved by
characterisation of the magnetic anisotropy of three IF steel sheets (partially / fully annealed cold rolled
strip processed in a steel production plant as part of a plant trial) and microstructure-magnetic modelling
considering the crystallographic texture. Measurements at different magnetic field strengths are
reported along with a proposed EM sensor that can characterise local magnetic properties on strip

samples.

Material and Methods

Commercial IF steel strips with a thickness of 0.69 + 0.01 mm as cold rolled and annealed to different
recrystallisation levels were provided by Tata Steel Europe. Texture analysis was carried out using
Electron Back Scattered Diffraction (EBSD) in a JEOL JSM-7800F0 scanning electron microscope
with an accelerating voltage of 20 kV, a step size of 200 nm and a specimen tilt of 70°. The grain size,
Kernel Average Misorientation (KAM), Orientation Distribution Function (ODF), texture component

and Inverse Pole Figure (IPF) were analysed using AZtec Crystal 2.1 software.

A laboratory based electromagnetic (EM) U-shaped sensor, operating at relatively low magnetic fields,
has been developed to determine the magnetic anisotropy in the IF samples by measuring inductance
(which is directly associated with the magnetic permeability of the steel sample) at angles varying from

0° to 90°, in steps of 15° with respect to the rolling direction (RD).

The EM sensor consists of two sensing coils with 50 turns of ¢ 0.16mm insulated copper and one

generation coil with 65turns of ¢ 0.20mm insulated copper wire which were wound around the two legs



of the U-shaped ferrite core with a bridge of 70 mm, leg diameter and leg lengths of 12mm and 56mm

respectively.

The EM sensor's sensing coil and exciting coils were driven by an Impedance Analyser Solartron (SL
1260A) with an AC excitation voltage of 3V at frequencies from 10 Hz to 100 Hz

In order to explore the links between real inductance measurements (as sensor signal) and relative
permeability of the steel samples, a three-dimensional (3D) FE model using COMSOL Multi-physics
was developed to simulate the U-shaped sensor with the AC/DC module.

Strip specimens of 300 mm x 30 mm were cut from selected IF steel sheets along 0°, 30°, 45°, 60° and
90° with respect to the RD respectively for permeability anisotropy measurements. A Brockhaus Single
Sheet Tester (SST) was used to measure minor BH loops at a series of DC field amplitudes ranging
from 50 A/m to 1000 A/m.

A finite element microstructure model [24] that considers crystallographic texture using EBSD data has
been used to predict the magnetic anisotropy in the IF steel samples. In this connection, a separate
MATLAB code [25] was developed to generate polygons with continuous and smoothed grain
boundaries from the EBSD data. The permeability values along the <100> and <111> direction used in
the texture model have been estimated by fitting with the experimental measurements. Full details for
the model can be found in [24]. The modelling results have been experimentally validated using a

laboratory based electromagnetic (EM) sensor [24].

Results and discussion

Three IF samples, including a partially recrystallised IF steel with high density of dislocations (IF-A),
a partially recrystallised IF steel with low density of dislocations (IF-B) and a fully recrystallised IF
steel (IF-C) were characterised and their EBSD micrographs are shown in Figure 1. The grain boundary
analysis map, Figure 1(a)-(c), and the EBSD inverse pole figure (IPF) maps, Figure 1 (d)-(f) shows a
mixture of elongated and equiaxed grains for both the partially recrystallised samples, IF-A and IF-B.
However, the equiaxed grains in IF-A are extremely fine indicating it is in the early stage of
recrystallisation. Figure 1(a)-(c) also shows the intergranular strain (misorientation 2—5°), low-angle
grain boundaries (LAGBs, misorientation 5-15°), and high-angle grain boundaries (HAGBs, mis
orientation >15°). The Kernel Average Misorientation (KAM) values from EBSD characterisation of
the samples have been used to evaluate the recrystallisation fraction, based on the area fraction of the
sample with KAM value below a critical value. In the present study, the KAM maps were calculated
with a kernel size of 3x3 and a maximum threshold of 5°, Figure 1(g)-(i). Due to the recrystallisation
process, the HAGB fraction increases, the LAGB fraction decreases, and the KAM map of strain-free

ferrite grains increases, Table 1.



The volume fractions of texture components are shown in Table 1 and Figure 1 (k)-(m) where IF-A
shows the highest percentage of a-fibre (55.3%) and the lowest percentage of y-fibre (35.5%) and on
the opposite side, [F-C displays the highest percentage of y-fibre (69.2%) and the lowest percentage of
a-fibre (16.7%). The ODF plots show that a mixed texture with a strong a-fibre and a weaker y-fibre
component in [F-A, a combination of a stronger y-fibre and a weaker a-fibre component in [F-B and a

well-developed y-fibre for the fully annealed sample, IF-C, can be observed in Figure 1(n)-(p).

Table 1: Low angle grain boundary (LAGB), and high angle grain boundary (HAGB) fractions (LAGB &
HAGB), grain size and recrystallisation fraction in the three selected IF steel samples.

LAGB fraction, % HAGB fraction, % Grain Texture component
IF Recrystallisation . -
(Misorientation, | (Misorientation,5- (Misorientation size* o-fibre y-fibre
sample %
2-5°) 15°) >15°) (um) <110>//RD | <111>//ND

IF-A 36.2 31.2 32.6 5.6+0.4 43 55.3% 35.5%
IF-B 18.1 15.6 66.3 11.7+1.3 88 27.2% 58.8%
IF-C 13.5 12.8 73.7 16.9+1.6 100 16.7% 69.2%

*The elongated grains were excluded
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Figure 1. Microstructural characterisation of IF-A, (left column), IF-B (middle column) and IF-C (right
column): the grain boundary analysis map shows the grain misorientation in the IF steel samples, where
green and red colour signify low-angle grain boundaries for misorientation (2-5°) and (5-15°) respectively,
and high-angle grain boundaries (mis orientation >15°) in blue colour (a, b, ¢), IPF maps for the ND pole
(d, e, f), Kernel average misorientation map (KAM) (g, h, I) , texture components where green colour
represents o-fibre and red colour represents y-fibre (k, 1, m) and ODFs (¢2 = 45) (n, o, p).

Recrystallisation leads to the annihilation of dislocations by the nucleation and growth of defect free
volumes, resulting in a new grain structure with a low dislocation density. The final recrystallisation
texture is determined by the preferred nucleation of recrystallised grains of specific orientations [26].

Figure 2 shows the subgrain distribution in the deformed a-fibre grains and y- fibre grains in the partially
recrystallised IF-A sample. Fine subgrains, due to recovery, are well developed in the y-fibre grains but
not in the a-fibre grains, which is likely to be due to the y-fibre grains possessing a higher stored energy
than the a-fibre grains from cold rolling [27]. These subgrains are the potential nuclei for
recrystallisation. When one of these subgrains grows into a recrystallised grain, the orientation of the

grain will be close to y-fibre orientations.

S0um 50um

Figure 2. Subgrain development according to the grain orientation in fine grained IF-A sample,
extremely fine equiaxed grains indicating it is in the early stage of recrystallisation (a) inverse pole



figure (IPF) map, a-fibre and y- fibre grains are indicated (b) band contrast micrograph with low
and high-angle grain boundaries.

Figure 3 shows the measurements of the real inductance using the U-shaped EM sensor at a series of
angles: 0°, 15°, 30°, 45°, 60°, 75° and 90° with respect to the RD for the three IF steel samples. It is
worth mentioning that the EM sensor used in this study generates a low magnetic field (approximately

150-200 A/m) corresponding to reversible magnetisation processes in these steels [28].
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Figure 3. Angular dependence of real inductance measurements for IF-A, IF-B and IF-C using the EM
sensor

A COMSOL model of the U-shaped sensor placed on a strip sample is shown in Figure 4. It can be seen
that the strong flux density (higher magnetic field strength) occurs between the sensor feet where the
flux lines are mostly parallel to the length of the sensor.

Figure 5 shows predicted relative permeability values using 3D FE COMSOL modelling of the EM
sensor for the IF samples from the angular dependence of real inductance measurements (Figure 3) for

the three IF steel samples.
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Figure 4. FE modelling of the U-shaped EM sensor to estimate the low field permeability of specimens

It can be seen from Figure 3 and Figure 5 that the average inductance value and the relative permeability
increase from IF-A to IF-C. A higher dislocation density in IF-A steel sample acts as pinning sites
against magnetic domain wall movement, and results in lower inductance values (lower magnetic
permeability). In the fully recrystallised sample IF-C, the low dislocation density reduces the pinning
sites for magnetic domain wall movement, which, along with the larger grain size, means that the mean

free path for domain wall movement increases, causing an increase in inductance/permeability.

In addition, grain size also plays a very significant role in the magnetic properties of steel. This is related
to the formation of closure domains at the grain boundaries which deliver obstacles to domain wall
motion during magnetisation. It is known that the permeability value is affected significantly by grain
sizes in the range of 2.5-20 pum [29]. The grain size of [F-A sample (5.6 + 0.4 um) is smaller than IF-B
(11.7£ 1.3 um) and IF-C (16.9 + 1.6 um). Therefore, the lowest value of inductance (permeability value)

and the highest value among those samples are expected to be IF-A and IF-C respectively.

The three samples exhibit very different magnetic anisotropy as shown in the angular dependence of
inductance and the predicted relative permeability illustrated in Figure 3 and Figure 5 respectively. In
IF-A, Figure 3(a), Figure 5(a), the highest inductance value and the relative permeability are found for
measurement along the rolling direction whilst in IF-B, Figure 3(b), Figure 5(b) are found in the range
60° to 90° (with respect to the rolling direction), although the anisotropy is very weak. In IF-C, Figure
3 (c) and Figure 5(c), directions of 45° and 60° show higher induction/relative permeability values
whilst the rolling direction shows the lowest value. The results from Figure 3 and Figure 5 also illustrate
that the magnetic anisotropy behaviour varies with the stage of recrystallisation process in IF steel

samples.
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Figure S. Predicted relative permeability values from COMSOL modeling derived from the angular
dependence of real inductance measurements for IF-A, IF-B and IF-C

Figure 6 shows the EBSD data, FE modelled microstructural geometry and predicted effective low
magnetic field permeability map for the IF-B sample, following the approach described in [24] for

modelling texture effects.
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Figure 6. The finite element microstructure model (a) imported inverse pole figure (IPF) maps, (b) converted
the EBSD data into the model (ready for the FE geometry), (¢) predicted low magnetic field permeability map
for IF-B sample
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The predicted permeability anisotropy using the EBSD data for the three IF steel samples using the
finite element microstructure model are presented in Figure 7. It can be observed that the texture model
predicts a strong anisotropic pattern for the fully recrystallised sample which agrees well with that of

the measured real inductance and relative permeability value in Figure 3(c) and Figure 5(c) where the



highest values of permeability (the texture model) and the EM sensor measurements (the inductance
and/or the relative permeability) are seen for the 45° and 60° to the RD orientation and the lowest values
are for the RD. There is good agreement for the IF-B sample where little anisotropy is observed for the
inductance/relative permeability where the lowest values are seen for the 0° (RD) orientation and 30°
whilst a similarly small anisotropy is predicated for the permeability texture model with the lowest
value for the RD. The predicted permeability anisotropy using the texture model and measured
permeability anisotropy using the EM sensor (the inductance and/or the relative permeability) also show
reasonable agreement for the IF-A samples where the highest permeability and inductance/relative
permeability values are seen for the 0° (RD) orientation and low values for the 90° (TD) orientation,
although the texture model predicts lowest permeability values at 45° whereas the inductance/relative
permeability values are lower than at 30° and 60° but not as low as the TD orientation. However, there

is more scatter in values for this sample.

Regarding the quantitative ranges, it can also be seen that the texture model predicts a relatively small
range for the three samples (range of 1500 - 2200), whilst the EM sensor outputs including the
inductance and the relative permeability show a relatively larger range, 1.27 to 2.42 mH, and 1100 to
2150 respectively. This is because the texture model currently does not take into account the effect of
the dislocation density present in unrecrystallised grains, which will affect the local magnetic properties
(reducing the permeability values) — this will be more significant for the IF-A samples. In the partially
recrystallised samples, where there is a mixture of a-fibre texture grains (typically unrecrystallised with
a high dislocation density) and y-fibre grains (typically recrystallised with a low dislocation density),
the texture model predicted permeability will be higher than the measured permeability and the
measured anisotropy will be affected predominately by the recrystallised grains whereas the texture

model predicts anisotropy from all grains.
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Figure 7. Predicted magnetic anisotropy using the texture model for IF-A, IF-B and IF-C samples



A grade of packaging steel (TH620) was used to determine how well the magnetic anisotropy
measurement matches for different levels of texture in other strip steels. The EM sensor was employed
to obtain the angular dependence of inductance at a series of angles from 0°, 15°, 30°, 45°, 60°, 75° and
90° with respect to the RD. Figure 8(a) shows an IPF map from the microstructure and a combination

of a-fibre and y-fibre can be revealed from the ODF map in Figure 8(b).

There is a good agreement between the texture model and the experimental results of the EM sensor for
this sample. The angular dependence of inductance/permeability and magnetic anisotropy behaviour
when compared with the partially and fully recrystallised [F samples, indicates a weaker texture for this
microstructure; the ODF map, Figure 8, shows that the maximum intensity is 5.18, compared to 15.89
for the recrystallised IF steel (IF-C) and 8.95 for the partially recrystallised IF steel (IF-B) where only

weak anisotropy was seen.
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Figure 8. Inverse pole figure (IPF) map (a), ODF map (b) predicted magnetic permeability using the
texture model (c) and the angular dependence of inductance at a series of angles from 0°, 15°, 30°, 45°,
60°, 75° and 90° with respect to the RD (d) in the packaging steel sample.

A study was carried out to see the effect of magnetic field strength on the permeability anisotropy
behaviour to determine if the current EM sensor design / operation parameters could to be altered to
provide greater sensitivity to anisotropy, in a similar manner applied when characterising DP steels (for
phase fraction and grain size) and reported in [30]. Strip samples of 300 mm x 30 mm were cut from

fully recrystallised IF steel sheet, IF-C, along 0°, 30°, 45°, 60° and 90° with respect to RD respectively,



and the Brockhaus single sheet tester (SST), was used to measure minor loop permeability at a series

of DC field amplitudes ranging from 50 (A/m) to 1000 (A/m).

Figure 9 shows the measured incremental permeability values as a function of the measurement
directions at different minor loop amplitudes. It can be seen that the permeability anisotropy behaviour

is, in general, highly sensitive to the minor loop amplitude.

At low amplitude 50 (A/m), Figure 9(a), an almost isotropic permeability behaviour is observed, the
permeability increases with the magnetic field amplitude until reaching a maximum incremental
permeability value of 2750 for the 60° orientation with respect to the RD at a field of 300 (A/m) where
the strongest anisotropic behaviour can be found, Figure 9(e), and then drops followed to a more

isotropic permeability behaviour at higher amplitudes Figure 9(f)(g).
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Figure 9. Incremental magnetic permeability as a function of the measurement directions at different
minor loop amplitudes in the fully recrystallised IF sample.

Figure 10 shows a series of minor loops with the different magnetic field amplitudes ranging from

50 (A/m) to 1000 (A/m) in the fully recrystallised IF sample, IF-C, for the specimen at 90° with respect



to RD. The shape of the minor loops alters depending on the amplitude; at low amplitudes, they
have lenticular shapes, while at greater amplitudes, they take on sigmoid shapes.

The incremental permeability is physically regarded as the gradient of the loop, which has a highest
value for the minor loop at a magnetic field of 300 (A/m). At higher magnetic field, the sample
starts to reach saturation point where the shape of minor loop changes into a sigmoid shape and

magnetic anisotropy decreases showing isotropic behaviour.
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Figure 10. A series of minor loops in the fully recrystallised IF- C sample along 90° with respect to RD.

The permeability value depends on the magnetic field strength [30]; if it is assumed that a similar amount
of magnetic field strength was applied to the sample (taken as 200 A/m based on the COMSOL model
for the sensor), the EM sensor predicted permeability values ranged from 1940 to 2150 for sample IF-
C (11% difference between minimum and maximum values) and the SST measurement showed a range
of 2030 to 2570 (27% difference between minimum and maximum values). This discrepancy between
the predicated permeability from the U-shaped sensor and the measured permeability value using SST
technique can be linked to how the EM sensor operates/works as it can be seen from Figure 4 that most
of the flux is concentrated between the feet and parallel to the length of the sensor, therefore the sensor
predominantly measures the magnetic permeability along that axis. Although there will be some flux at
different orientations therefore the sensor will not be as sensitive to texture as e.g. the SST

measurements where all the flux in the sample is parallel to the measurement direction.

The results show that the EM sensor measurement (inductance value, related to the low field relative
permeability) is able to differentiate the state of the recrystallisation process in IF steel, as has been

reported previously [15], since the dislocation density is significantly reduced during the



recrystallisation process, and the nucleation of new strain free grains leads to an effective grain
refinement followed by some grain growth. Consequently, as a result of the change in the dislocation
density and the grain size, the average real inductance value increases. In addition, the angular
inductance measurement reveals the formation of new grains after recrystallisation inevitably alters the
crystallographic texture and the texture factors giving different values (direction dependence) that can
be quantified. It is worth noting that selecting an appropriate magnetic field amplitude (where the effect
of anisotropy is more significant) is important for detecting permeability anisotropy behaviour. In this
connection based on the previous work [30] a field strength close to where maximum permeability

occurs but less than the coercivity point is recommended.

Conclusions

The study of ferromagnetic anisotropy has received the attention of numerous investigators and various
methods for its experimental detection have been devised. For the present work an easy to deploy rapid
method for characterising magnetic anisotropy, using an electromagnetic (EM) sensor, has been
developed which can be used with sheet steels. In this study, steels with different texture components
have been used to investigate the measurement and prediction of magnetic anisotropy, using an FE
based model, in IF steels. The angular inductance measurement from the EM sensor was able to reveal
the anisotropy from the local magnetic response as well as the change of the overall magnetic properties
with respect to the change of the material status during recrystallisation. The proposed approach can be
successfully applied for experimental evaluation of the magnetic anisotropy in IF steels. A finite
element microstructure model that considers crystallographic texture has been used to predict the
magnetic anisotropy in the IF steel samples based on the measured texture. The model potentially can

be used in a reverse manner to characterise texture from magnetic measurements.

The angular dependence of inductance showed that for an IF steel in the partially recrystalised (the cold
rolled condition), the highest inductance value is seen along rolling direction due to the strong o fibre
texture, whilst the highest value for the fully recrystallised sample is found at 45° - 60° (with respect to
the rolling direction) related to the strong y fibre texture.

It was observed that the anisotropy intensity behaviour in fully recrystallised IF steel increases with the
applied magnetic field amplitude until reaching a maximum anisotropy value at a certain applied field
amplitude which then decreases at higher applied magnetic field amplitude. Selection of an appropriate
applied magnetic field for the steel being investigated is recommended to maximise the anisotropy
measurement, in this work the deployable EM sensor generates a maximum field strength of around
200 A/m in the sample, less than the coercivity value, and this was sufficient to reveal the magnetic

anisotropy.
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