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Abstract 
 
Rolling of strip steel causes texture, dislocations and grain elongation. To monitor the 
product uniformity during production, these parameters should ideally be measured 
independently, either magnetically or ultrasonically. The objective of this study is to 
evaluate the measurability of grain elongation only, using numerical modelling of both 
methods. The crystallographic orientation is kept random such that the modelled 
microstructure does not contain any texture. Numerically modelled microstructures are 
used with varying aspect ratios from 0.2:1 to 5:1 in length. Each grain is described by its 
single crystal properties, and the three Euler angles define its rotation in space. The  
modelling of the magnetic flux density is performed using a 2D finite element model in 
COMSOL. The modelling of the elastic ultrasonic wave propagation is done using a 2D 
rotated staggered-grid finite-difference model. In both approaches each individual grain 
is included in the numerical model. Analysis of the modelling results shows that grain 
elongation has a minor influence. The model outputs indicate a 4% change in relative 
permeability and no significant difference was observed in the measured sound velocity 
and attenuation. 
 
 
1.  Introduction 
 
The mechanical properties of steel grades are determined by their chemical composition 
and their microstructure. The microstructure can be described with many different 
parameters, each covering one aspect. In the case of Advanced High Strength steels, 
which consist of different hard and more ductile phases, the volume fractions of these 
phases are important ones, which directly influence the hardening behaviour. Other 
important ones are the grain size distribution, the spatial distribution of the hard phases 
and the orientation distribution of the crystal orientations. Dependent on the specific steel 
grade there will be a different ranking of importance of microstructure parameters. The 
rolling process has its effect on several microstructure parameters, which will result in 
anisotropic properties for the orientation distribution (fibre texture), spatial distribution 
of phases and elongation of the grains. In Figure 1 an example has been depicted of an 
artificial 3D microstructure showing several anisotropy aspects within one 
microstructure.  Accurate data of texture and grain elongation are vital for the prediction 
of the performance of steel grades in forming processes. 
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2.  Material model description 
 
The material model is based on a microstructure model, which generates a geometric data 
file and a material configuration file, which serves as an input for magnetic and ultra-
sonic software. The geometric data file consists of pixels (or in 3D voxels). Each pixel 
has been assigned a grain ID corresponding with the grain to which it belongs. In the 
material configuration file, grain IDs are connected to crystal orientations and phase IDs. 
The microstructure model is based on a Voronoi tessellation, using a randomly distributed 
generating point field. To create elongated grains with aspect ratio 1:�, firstly a Voronoi 
tessellation is computed in a deformed geometry with deformation �:1. After that, the 
computed geometry is transformed back with deformation 1:�. That way we are able to 
generate a series of artificial microstructures as can be seen in Figure 2. 
 
 
3. Modelling 
 
3.1 Electromagnetic modelling 
The 2D finite element (FE) microstructure - permeability model predicts effective relative 
permeability by considering the ferrite grains and grain boundary regions as constituents 
with different relative permeability values. The model used in this study is similar to the 
one used by Zhou et al. as described in (1), with conditions that the top and bottom 
boundaries of the sample are set with a magnetic potential of 1 and 0, respectively, to 
generate a horizontal magnetic field. The left and right boundaries of the sample are set 
as electric insulation (magnetic field normal to the boundary) to eliminate the 
demagnetising field. The relative permeability of the mixture is calculated by = �����0���� , 

 

(1) 
 

where ��  is the average flux density inside the sample,  is the permeability of free 
space, and ���  is the average magnetic field inside the sample. 
The relative permeability at each pixel has been linked to its 2D coordinates and exported 
as csv files using MATLAB . The csv files are then imported into the COMSOL FE model 
using its built-in interpolation function and the “spatial coordinates” are set as the local 
material property (relative permeability). To date, the FE microstructure model has only 
been used to predict the magnetic relative permeability values for different 
microstructures consisting of two phases (e.g. ferrite and austenite or ferrite and pearlite 
/ martensite), where the relative permeability of ferrite (ignoring grain boundaries) has 
been set as 330, which has been measured for a single phase ferrite microstructure using 
a cylindrical EM sensor and sensor model (1). Literature suggests the dislocation density 
near to grain boundaries (0.6 - 1.2µm) is much higher than inside the grains (2). This 
means that the effective permeability value in the grain boundary region should be lower 
than inside the ferrite grain as it is known that an increase in dislocation density (from 
plastic strain) affects the magnetic properties of steel; for example, it has been reported 
that the initial permeability of 0.17 wt% C steel decreases from 287 to 80 due to 2% 
applied plastic strain (3). In addition, the low field relative permeability relates to the ease 
of the reversible movement of magnetic domains walls and grain boundaries are 
considered as obstacles to magnetic domain wall motion (3,4). Hetherington et al. 
observed the magnetic domain structure in ferrite grains of a fully killed, normalized steel  
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Figure 1. Example of a 3D microstructure showing different aspects of anisotropy. Grain elongation 

(aspect ratio: x:y:z = 2:0.5:1) and spatial distribution of hard (black) phases. On the left the 3D 
model, and on the right four cross sections taken in perpendicular directions. 

 

 
Figure 2. Two-dimensional model microstructures of 900 grains with different elongations (from 

left to right, aspect ratios respectively: 1/5, 1/3, 1/2, 1/1, 2/1, 3/1, 5/1). The sample’s spatial 
dimensions are 3 mm × 12 mm. 

 
sample (4) and they reported that the grain boundaries have a major influence on the 
domain configuration with closure domain structures being observed near the ferrite - 
ferrite grain boundaries. Thompson et al reported that domain wall motion under an 
applied field was affected by closure domains (size of around 0.8-2µm) formed at grain 
boundaries (3). Therefore, in the COMSOL microstructure model for single phase ferrite 
where grain boundaries are considered, it has been assumed that the grain boundary 
region can be considered as having a lower relative permeability value compared to the 
grain interior, to represent the pinning effect of the boundary / closure domains at the 
boundary. 
 
3.2 Ultrasonic modelling 
Wave propagation in an elastic medium can be accurately and efficiently described using 
a finite-difference approach. Physical phenomena such as mode conversion and 
frequency dependent scattering from grain boundaries are included automatically. 
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To calculate wave propagation, the elasto-dynamic equations are used, where the stresses 
and the particle velocities in the medium are described. Three sets of equations are 
required: the equation of motion, the strain-displacement equation, and the constitutive 
relation (5): 

1. Equation of motion: 
���� + � = � �2���2 , (2) 

where �  is the stress tensor for the direction [� , � ], �  is the external force applied 
in direction � , � is the density tensor of the medium, and �  is the displacement in 
direction � . 

2. Strain-displacement equation � = (���� + ���� ), (3) 

where �  is the strain tensor for direction [� , � ]. 
3. Constitutive relation: � =  �  (4) 

where , , , = , , , for a 3D Cartesian geometry, and  is the elasticity matrix. 
This matrix is of importance for the present study since, along with the density, �, 
describes the material properties of the medium. 

For a homogeneous medium, the elasticity matrix can be calculated solely resorting to the 
Lamé coefficients,  and . However, the medium is inhomogeneous due to the presence 
of grains with different material properties and orientations. Therefore, it is important to 
be able to capture these changes efficiently with the model developed. To this end, the 
finite-difference model was extended to an elastic, anisotropic finite-difference scheme. 
The inhomogeneity is this way described by the elasticity matrix (6). 
Note that the elasticity matrix, , is symmetric such that = = = . 
The elasticity matrix is now assessed as a tensor in the three Cartesian dimensions (in 
other words, , , , = , , , such that the elasticity matrix becomes a 6x6 matrix) (7). 
The used geometries in the ultrasonic simulations, are two-dimensional samples with 
dimensions 12 mm × 3 mm (i.e. those from Figure 2, but rotated over 90°), and the 
corresponding microstructure. To simulate the wave propagation for these geometries, 
the elastic wave equation is solved numerically using a 2D rotated staggered grid finite 
difference scheme. The implementation is capable of modelling elastic waves in a 
heterogeneous anisotropic medium. As an input, a point source at the top surface has been 
used, transmitting a 15 MHz pulse, and receivers have been placed along the bottom 
surface. The output of the simulation consists of snaps shots of the wave field and the 
wave field measured by a recording transducer. 
 
 
4. Modelling results 
 
4.1 Electromagnetic modelling 
In order to study the influence of grain morphology on the relative permeability, 
microstructure models of single-phase microstructures (ferrite) with differences in grain 
aspect ratio of 0.2:1, 0.33:1, 0.5:1, 1:1, 2:1, 3:1, 5:1 were provided by Tata Steel, 
schematic diagrams of the microstructure are shown in Figure 2. 
Simulations have been carried out in 2D to predict the low field relative permeability for 
these models, using the grain size approach detailed in section 3.1, and with the magnetic 
field applied in the horizontal direction. It can be seen from Figure 3, that the equiaxed 
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grain microstructure (1:1 aspect ratio) has highest relative permeability value, and as the 
grains become more elongated in either horizontal or vertical direction, the relative 
permeability decreases. This is due to the increase in grain boundary to grain interior area 
(in the 2D microstructure) when the grains become more elongated, where the grain 
boundary has a lower relative permeability than the grain interior. The area fraction of 
the boundary region was found to increase from 9.2% to 13.7% by increasing the aspect 
ratio from 1:1 to 5:1. 
In addition, it was found in the modelled flux density plot that grain boundaries that are 
in the different orientation to the applied field (i.e. vertical grain boundaries for the 
horizontal applied field) provide more effective pinning, as the flux has to pass through 
the grain boundaries. Therefore, the microstructure elongated in the horizontal direction 
has slightly higher permeability than the ones elongated by same amount in the vertical 
direction. In general, the effect is relatively small (up to 4% decrease in permeability for 
the most elongated grains studied here). 
Therefore, grain elongation in the rolling direction, as expected in commercial sheet 
material, does give a difference in relative permeability compared to an equiaxed grain 
structure, but the effect is small (relative permeability change of approximately 10 for 
grains with an aspect ratio of 5). 
 
4.2 Ultrasonic modelling 
 
4.2.1 Weighted centre frequency ratio 
A first approach to characterize grain aspect ratios is based on the spectral content as 
function of the incidence angle. Due to the orientation of the elongated grains, the number 
of grains and the observed grain diameter in the propagation path changes per grain aspect 
ratio, and per incidence angle. This is illustrated in Figure 4. Grain aspect ratios with 
horizontal elongations encounter larger grains for larger incidence angles (compare A to 
B), but only small differences. Grain aspect ratios with vertical elongations encounter 
larger grains at small incidence angles (compare C to D), and with significant differences. 
The larger the observed grains, the less grains are encountered by the propagating wave. 
It is known that scattering in large grain microstructures dampens the higher frequencies 
of the received signal more than scattering in small grain microstructures. 
For each of the seven grain aspect ratios, the spectrum is obtained of the signal obtained 
directly below the excitation spot (i.e. incidence angle 0°), and towards the edges (i.e. 
incidence angle 62°). From these spectra, a weighted centre frequency is obtained as 
 �� = ∑ � � � �� ∑ � ��⁄ , (1)  

 
where � �  is the spectrum from incidence angle �. These weighted centre frequencies 
are shown in Figure 5a for the seven grain aspect ratios. 
The ratio  of the weighted centre frequencies at 0° and 62° is shown in Figure 5b for 
the seven grain aspect ratios, and reveals a trend: at larger (vertical) elongations, this ratio 
increases by more than 5% with respect to the 1:1 grain aspect ratio. Note that the large 
horizontal elongations do not show a comparable trend, but this can be related to the small 
decrease in grain size. A cross-plot of the ratio of the observed grain diameter ratios 
versus the weighted centre frequency ratios is shown in Figure 5c. As can be seen, there 
is a clear relation between these two ratios, although due to the low number of data points 
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Figure 3. Relative permeability as a function of different aspect ratios. 

 

(a) 

 

(b) 

Figure 4 (a) A schematic view of the extreme grain aspect ratios (grains not to scale for visualisation) 
1:5 and 5:1. The observed grain diameter along the paths A to D varies, as can be seen in (b) for 
five grain aspect ratios. The values corresponding to the paths as shown in (a) are highlighted. 

 
and their spread, a trendline cannot be fitted reliably. Note that two measurements at fixed 
angles are required for the analysis. This ratio is a first metric which is sensitive to 
elongation. 
 
4.2.2 Evanescence zone 
A second approach to characterize grain aspect ratios, is by comparing energies in the 
Fourier domain. In Figure 6a-c, the �- � spectrum is shown, which is obtained after a 
two-dimensional Fourier transform. Lines through the origin in this spectrum represent 
constant velocities in the medium, defined as � = � ∙ �, where � is the temporal 
frequency, � is the wavenumber (or spatial frequency) in �-direction, and � is the wave 
velocity. The cone in the centre (marked in Figure 6d with crosshatches, contains 
information from the propagating wave in the steel sample, and the zone outside this cone 
is the evanescence zone, containing waves due to scattering. The signal cone is defined 
by velocities above 2800 m/s, and the evanescent waves are those with lower velocities. 
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(a) (b) (c) 

Figure 5 (a) the weighted centre frequency for each of the seven grain aspect ratios, obtained 
through the centre (0°) and towards the edges (62°), (b) the ratio of both, and (c) the cross-plot of 

the observed grain diameter ratios and the weighted centre frequency ratio. 

 
 

 
(a) (b) (c) 

 
(d) (e)  

Figure 6 (a)-(c) The power spectrum of three grain aspect ratios, (d), the integration areas: inside 
the cone, blue crosshatched for velocities larger than the head wave, and outside the cone, those 

velocities lower than the head wave. (e) The ratio of the total power of the evanescent waves versus 
the remaining power. 

As can be seen in Figure 6a-c qualitatively, the evanescence zone contains more energy 
in the case of vertical elongation (5:1), and less in case of horizontal elongation (1:5). 
Note that due to the relative short recording time, no individual wavemodes are visible in 
Figure 6a-c, and that in order to obtain these spectra, the full wavefield along the surface 
has to be recorded. When the spectral power of the evanescence zone is divided by the 
spectral power of the cone, a ratio is obtained, which increases with vertical elongation, 
as can be seen in Figure 6e.  This spectral power ratio is a second metric which is sensitive 
to elongation. 
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5. Conclusions 
 
In EM modelling, grain elongation in the rolling direction, as expected in commercial 
sheet material, does give a difference in relative permeability compared to an equiaxed 
grain structure, but the effect is small (in the order of 4%) and not likely to be picked up 
by EM sensor measurements in an industrial environment. 
In US modelling, two metrics have been explored which are sensitive to varying grain 
elongation. The first is based on a change in spectral content depending on the incidence 
angle of the propagated wave, and yields a change in the order of 6-8% for vertical 
elongations (5:1), but low changes for horizontal elongations (in the order of 1-2% for 
1:5). The second metric is based on the spectral content in the Fourier domain, where the 
ratio of the signal cone and the evanescence zone is used. This metric leads to changes in 
the order of 5% for the extrema. However, both metrics rely on scattering due to grain 
size, and assume a constant grain size (i.e. volume) while changing only the elongation. 
As in the case of EM modelling, the effects are small, and not yet suitable for application 
in an industrial environment. 
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