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Abstract. The mechanical properties of steels are controlled by their microstructural 
parameters, such as grain size, phase balance and precipitates, which are developed 
during thermo-mechanical processing. It is desirable to be able to monitor 
microstructural changes during processing, allowing in-situ feedback control, or to 
characterize microstructure in steel products in a non-contact and non-destructive 
manner. Electromagnetic (EM) measurements are sensitive to changes in magnetic 
properties, which, in steels, vary with composition, microstructure and temperature. 
In order to interpret the EM signal for microstructure analysis, it is important to be 
able to predict the magnetic properties from the microstructural parameters.  
 In this paper, an extra low carbon steel has been used to generate a single phase 
microstructure (ferrite) with a range of grain sizes of 14-78 µm. The grain structures 
were characterised by optical microscopy and EBSD. A voronoi based algorithm 
(Multi Level Voronoi), which provides a parametric description of the microstructure, 
i.e. the boundaries, in a grid format, is used to generate 2D and 3D microstructure 
models with different grain sizes. Based on these microstructure models, multi scale 
2D and 3D magnetic modelling approaches were applied to predict the magnetic 
properties. At the micro scale, a 3D micro-magnetic simulation code (EMicroM), 
which considers a finite volume (1003 µm3 cube blocks ) of material at a resolution 
down to the thickness of the domain wall (0.2 µm), has been used to derive the 
dynamic magnetic behaviour (i.e. hysteresis curve). The predicted coercive field 
values have been shown to decrease when the grain size increases, in line with 
experimental observations. The modelled hysteresis loop has a similar coercive field 
value with the experimental measured one, although the slopes of the curves are 
different. At the meso level, a 2D finite element modelling approach using COMSOL 
Multiphysics was used to simulate the EM response of an area of around 1000×1000 
µm2. The model predicts effective relative permeability by considering the ferrite 
grains and grain boundary regions as constituents with different relative permeability 
values. The modelled results agree well with the experimentally determined 
permeability values from EM sensor measurements.  
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1. Introduction  

Steel is one of the most widely used engineering materials due to its excellent 
physical/mechanical properties, abundance in natural resources and relatively low cost to 
process. The mechanical properties of steels are controlled by their microstructural 
parameters, such as grain size, phase balance and precipitates, which are developed during 
thermo-mechanical processing. It is desirable to be able to monitor microstructural changes 
during processing, allowing in-situ feedback control, or to characterize microstructure in 
steel products in a non-contact and non-destructive manner. Electromagnetic (EM) 
measurements are sensitive to changes in magnetic properties, which in steels vary with 
composition, microstructure and temperature. There are EM sensors monitoring steels on-
line during processing [1-3] where correlations are made between the microstructure and/or 
properties (strength) and the sensor signal. In order to interpret the EM signal for detailed 
microstructure analysis, it is also important to be able to predict the magnetic properties from 
the microstructural parameters.  

Grain size is one of the most important microstructure parameters in low carbon 
content steels, such as interstitial-free (IF) and high strength low alloyed (HSLA) steel, for 
controlling the mechanical properties such as yield strength (Hall-Petch relationship [4]) and 
toughness. Significant benefit can be achieved through generating a smaller, and more 
uniform, grain size during steel processing [5]. Previous research has suggested that the 
magnetic properties of steel are affected by the ferrite grain size. For example, Thompson et 
al. reported an increase in initial and maximum permeability with an increase in grain size 
from 25 – 60 µm in a 0.17 wt% C steel sample, whilst the coercive field and the applied field 
corresponding to the maximum permeability decreased [6]. Ranjan et al. also found the same 
trend in decarburised steel (fully ferritic microstructure with a variation in ferrite grain size 
from 72 – 115 µm [7]. Some empirically obtained relationships have been obtained, for 
example the coercive field is usually considered to be inversely proportional to the grain 
diameter, d, [8-13]. However, there is not unanimity in this relation and the inverse of square 
root of d fits well too [14, 15]. The strong correlation between grain size and magnetic 
properties is believed to be due to magnetic domain structure and domain wall motion being 
affected by grain boundaries [16] because grain boundaries can be considered as obstacles to 
magnetic domain wall motion [17-19]. Although several reports have identified the role of 
grain size on the magnetic properties of steel, no fundamental modelling has been done to 
relate the grain size to the magnetic properties in structural steels. Also, there is a lack of 
systematic experimental data or modelling work on the effect of grain size on the low 
magnetic field relative permeability, which is important as some EM sensors being used for 
on-line microstructure monitoring [20] or microstructural characterisation [21, 22] operate at 
very low field strengths. 

In this paper, an extra low carbon steel has been used to generate a single phase 
microstructure (ferrite) with grain sizes of 14 – 78 µm. A voronoi based algorithm (Multi 
Level Voronoi), which provides a parametric description of the grain microstructure, in a 
grid format has been used to generate 2D and 3D microstructure models with different grain 
sizes. Based on these microstructure models, multi scale 2D and 3D magnetic modelling 
approaches have been applied to predict the magnetic properties. 

2. Materials and methods 

An extra low carbon steel, with composition shown in Table 1, was provided by Tata Steel 
Europe in the as-hot rolled condition. In order to generate different grain sized samples a 
series of re-austenitisation heat treatments were carried out: 1000, 1100 and 1200ºC for 30 
minutes and 900, 1000, 1050 and 1200ºC for 15 minutes. Samples for optical microscopy 
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and EBSD (Electron Backscattered Diffraction) characterisation were prepared by 
conventional methods, followed by Nital 2% etching or colloidal silica polishing for both 
optical and EBSD observations respectively. The step size to perform the EBSD scans was 
selected between 1 and 2µm. The EBSD grain size distributions were determined, using a 
boundary misorientation threshold angle of 2º. 

 

Table 1. Chemical composition of the extra-low carbon steel (wt%) 

C Mn Si AL Cu Cr Ni N 

0.04 0.2 0.012 0.04 0.03 0.01 0.02 0.003 
 

The magnetic hysteresis loop measurements were made at room temperature in a 
system available at CEIT [23]. Near saturation AC major hysteresis loops were recorded for 
each sample. The hysteresis curves were acquired at 0.1 Hz using an encircling coil wound 
around machined strip (100 mm in length, 10 mm width and 1 mm thickness) samples. A 
magnetic field strength of about 5500 A/m, which was sufficiently high to saturate the 
samples, was applied. The coercive field, Hc, was extracted from each hysteresis loop as the 
value of the tangential field where the induction crosses zero. It was measured with an 
accuracy of ±5 A/m. 

For low field relative permeability measurement, the cylindrical shape samples (5 
mm diameter and 60 mm length) were used with a cylindrical EM sensor, details given in 
[21]. A frequency response analyser (SL1250) drove the sensor from 10 Hz to 65000 Hz, and 
the real inductance values were determined from the mutual inductance. The experimental 
measured EM sensor output, together with the sample resistivity value (measured using a 
Cropico DO5000 micro-ohmmeter) were used with a two-dimensional COMSOL FE model 
developed for the sensor-sample geometry, to determine the relative permeability by fitting 
the modelled results to the experimentally measured ones. The details of model and the fitting 
method is described in [21]. The average applied magnetic field to the sample, calculated 
from the model, is 7.4 A/m. Therefore, the relative permeability value obtained through this 
method is referred to as the low field relative permeability value. 

3. Experimental results 

The heat treatments produced ferrite microstructures with a very small fraction (less than 
1%) of pearlite, Fig. 1a for the sample heat treated at 1000ºC. The re-austenitization treatment 
produces a relatively weak texture, as can be seen in the IPF (Inverse Pole Figure) map in 
Fig. 1b.  

c) 
Fig. 1. a) Optical image, b) EBSD IPF map for the steel sample heat treated at 1000ºC and c) grain size 

distributions for the samples re-austenitised for 30 minutes. 
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As expected, the grain size increases with an increase in heat treatment temperature, 
for the same hold time, and example grain size distributions are shown in Fig. 1c. Mean grain 
sizes, expressed as the mean equivalent circular diameter, of 20, 38 and 78µm for heat 
treatments of 30 minutes at 1000, 1100 and 1200ºC, respectively and 14, 23, 36, and 52µm 
for heat treatments of 15 minutes at 900, 1000, 1050 and 1200°C respectively were obtained.  

The hysteresis loops were measured on the samples with grain sizes of 20, 38 and 
78µm. The effect of the grain size on the hysteresis loop is shown in Fig. 2. It is clearly 
evident that as the microstructure refines the steel becomes magnetically harder, as the grain 
boundaries can be considered as obstacles to the magnetic domain wall motion [17-19]. The 
coercive field, Hc, has been plotted as a function of the inverse and the inverse square root 
of the grain size since both relationships are reported in the literature [7-12 and 13,14 
respectively], Fig. 2b and 2c, and it can be seen that a linear relation, with fitting R2 values 
of 0.93 and 0.97 are obtained respectively. 

 

 
Fig. 2. a) Effect of grain size d on the hysteresis loop (a) and on Hc (b,c): Hc versus d 

-1 (b) and  d 
-0.5 (c). 

. 
 

 The measured low field relative permeability values are plotted against the grain size 
d for all the samples in Fig. 3a. It can be seen that there is an increase in the relative 
permeability value as the ferrite grain size increases from 14 to 78 µm. This agrees with 
Thompson et al. and Ranjan et al. [6, 7]. As can be seen from Fig. 3b, the low field relative 
permeability shows a very good fit (R2 = 0.99) for a linear relation with the inverse square 
root of the grain size, d^-0.5. It is worth mention that the low field relative permeability also 
fits well with the inverse of the grain size (R2 = 0.98). Therefore, it can be seen that both the 
relationship between the ferrite grain size and coercive field or low field relative permeability 
can be described by an inverse or inverse square root type equation for the range of grain 
sizes studied. 
 

  
Fig. 3. Low field relative permeability plot with a) grain size d and b) d -0.5 
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4. Modelling the effect of ferrite grain size on magnetic parameters 

4.1 Microstructure models 

Simulated 2D and 3D microstructure models with different ferrite grain sizes were generated 
using a voronoi based algorithm (Multi Level Voronoi) [24, 25], which provides a parametric 
description of the microstructure in a grid format. These include 3D models with grain sizes 
of 20, 30 and 50 µm in 1003 µm3 cube blocks for the hysteresis curve modelling; and 2D 
models with grain sizes of 14, 23, 36, and 52µm, in a 1000×1000 µm square for low field 
relative permeability modelling. The influence of the grain size could be studied by assigning 
grain boundary identifiers to pixels within a user defined distance from the grain boundary. 
Representative images from a 3D microstructure model and from each of the 2D 
microstructure models are given in Fig. 4. 

 
Fig. 4. Representative images from a) 3D microstructure model (model for 20µm grain size) and b) 2D 

microstructure models.  

4.2 Hysteresis curve modelling 

The hysteresis curve modelling has been obtained using the software EMicroM described, 
for example, in [26, 27]. This code is based upon a finite difference like discretization of the 
Landau and Lifshitz system used in the dynamical micromagnetic model [28]. The numerical 
method takes into account a precise dynamic magnetization in time and tackles the bottleneck 
of the non-local magnetic contribution (demagnetizing field) via an original approach based 
upon the Toeplitz operators [29]. Thanks to the performance of the software (parallelized), it 
is possible to perform computation for very large meshes: in each of the models, 6,261,456 
degrees of freedom were calculated. Three microstructure models (presented using grain 
configurations described by a periodic domain in two directions whose period is a cube) were 
used, with the calculated coercive field values for each configuration given in Fig. 5. It can 
be seen that the coercive field decreases when the grain size increases, which is expected 
from the literature reported trend [8-13] and agrees with the experimental measured values. 
Again, the results hold the inverse relationship with grain size (and inverse square root 
relationship). 
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Fig. 5. Modelled and experimental measured coercive field values plot with a) 1/d and b) d^-0.5. 

 

For each microstructure, a hysteresis loop is computed (the stabilized loop, not the 
first magnetization curve). The hysteresis loops used in order to compute these values have 
been smoothed in order to minimize the dependence on grain repartition. The computations 
performed are in fact done on one specific input microstructure periodised in two space 
directions while the experimental results are a mean of a large amount of local configurations. 
An example of the numerically simulated hysteresis loop plotted in comparison with the 
experimentally obtained one is given in Fig. 6. It can be seen that there is quite good 
correlation between the coercive field for the two loops. However, the numerical loop has a 
different slope to that of the experimental loop. This difference may come from the numerical 
periodic approach where an infinite material was simulated in two dimensions, 
although the width of the modelled sample is finite and the closure domains that form near 
the surface of the plate may have a significant effect on the results. 

 
Fig. 6. An example of the numerically simulated hysteresis loop for a mean grain size of 20 µm plotted in 

comparison with the experimentally obtained one. 

4.3 Low field relative permeability modelling 

The 2D 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 Hao 
et al. as described in [30]. The relative permeability at each pixel was linked to its 2D 
coordinates and exported as csv files using MATLAB. The csv files were then imported into 
the COMSOL FE model using its built-in interpolation function and the “spatial coordinates” 
were set as the local material property (relative permeability). To date, the COMSOL 
microstructure model has only been used to predict the magnetic relative permeability values 
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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 was measured for a single phase ferrite microstructure using a 
cylindrical EM sensor and sensor model [21, 30]. Literature suggests the dislocation density 
near to grain boundaries (0.6 - 1.2µm) is much higher than inside the grains [31]. 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 was reported that the initial 
permeability of 0.17 wt %C steel decreases from 287 to 80 due to 2% applied plastic strain 
[6]. In addition, the low field relative permeability relates to the ease of the reversible 
movement of magnetic domains walls [16] and grain boundaries are considered as obstacles 
to magnetic domain wall motion [6, 17, 18, 32]. Hetherington et al. observed the magnetic 
domain structure in ferrite grains of a fully killed, normalized steel sample [32] 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 [6]. 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. 

Initial simulations were carried out with different combinations of effective 
permeability values (for the grain boundaries and grain interior) and grain boundary region 
thicknesses to determine model sensitivities to these parameters. Fitting to the experimentally 
measured relative permeability values based on four results of ferrite grain sizes (14, 23, 36, 
and 52µm) showed that a relative permeability value of 82 for a grain boundary region of 
thickness 1 µm on each side of the grain boundary gave good agreement, Fig. 7. Future work 
will be carried out to include a wider range of grain sizes and to extend to 3D microstructure 
models, although the error in predictions from 2D models is expected to be small; previous 
3D models for phase balance [33] have shown that, when the material is fully ferromagnetic 
(which is the case for grain boundary and grain interior regions in this grain size model) the 
difference between 2D and 3D modelled relative permeability values is small. The results 
show that the FE microstructure - permeability model can be used to determine the effect of 
grain size on the low field relative permeability and, because of the known relationship 
between the low field relative permeability value and certain EM sensor signals [21], this 
prospects to measure the grain size, in single phase microstructures, using EM sensors. 

  
Fig. 7. Relative permeability change with ferrite grain size, FEM modelled results compared with 

experimental data. 
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5. Conclusions 

In this paper, an extra low carbon steel has been used to generate a single phase (ferrite)  
microstructure with a range of grain sizes of 14 – 78 µm. The experimental magnetic 
measurements showed that both the coercive field and the low field relative permeability 
have a linear correlation with the inverse grain size, d, or inverse square root d over the range 
of grain sizes examined. Two modeling approaches have been used to predict the magnetic 
properties for ferritic steels with different grain sizes. At the micro scale a fundamental 3D 
micro-magnetic simulation code (EMicroM) has been used to predict the coercive field 
values, which have been shown to decrease when the grain size increases, in line with 
experimental observations. The modelled hysteresis loop has a similar coercive field value 
with the experimental measured one, however, the slope of the curves are different, which 
may be caused by the numerical periodic approach where an infinite material was simulated 
in two dimensions, although the width of the modelled sample is finite and the closure 
domains that form near the surface of the plate may have a significant effect on the results 
This difference may come from the numerical periodic approach where an infinite material 
was simulated in two dimensions, although the width of the modelled sample is finite and the 
closure domains that form near the surface of the plate may have a significant effect on the 
results. 

At the meso level, a 2D FE microstructure-permeability model has been used to 
predict the effect of grain size on the effective relative permeability by considering the ferrite 
grains and grain boundary regions as constituents with different relative permeability values. 
The modelled results agree well with the experimentally determined permeability values 
from EM sensor measurements.  
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