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Abstract
The magnetic properties of steels are sensitive to temperature and currently the only way to
determine them is by experimental measurement. In this work a cylindrical shaped ceramic
cored EM sensor has been used to measure the low magnetic field inductance of pure iron and

C-Mn steels with ferrite + pearlite microstructures during heat treatment up to 800 °C in a

furnace. The low field relative permeability values have been determined by fitting the sensor
readings to a finite element sensor model generated in COMSOL, where the model has been
validated for room temperature measurements using samples of known low field relative
permeability. The low field relative permeability values with temperature follow the expected
trend of increasing values with temperature, particularly close to the Curie temperature. The
measured low field relative permeability values for the mixed ferrite + pearlite microstructures
have been compared to predicted values from an FE microstructure-permeability model using
the single phase (ferrite or pearlite) low field relative permeability values as input. The model
predictions agree well with the experimentally measured values allowing any two-phase ferrite
+ pearlite microstructure low field relative permeability with temperature relationship to be
determined. The model has also been used to determine the low field relative permeability of
ferrite + austenite microstructures with temperature.
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1. Introduction:

It is known that temperature has a strong effect on the magnetic properties of iron and steel,
with an increase in permeability of iron being seen for low applied magnetic fields until close
to the Curie temperature, although differing rates of increase with temperature, and temperature
of maximum permeability, are seen based on the applied field [1]. It has been reported that the
rate of increase in the permeability with temperature in steels depends on the steel grade and
also the applied field [2,3] although there is limited data available in the literature and there are
no models available for predicting properties at elevated temperatures with respect to

microstructure.

General approaches exist for modeling the effective magnetic (or electrical) properties in a
material that has two components with contrasting properties: the effective medium theory. The
principle of the effective medium theory is that the electrical/magnetic potential due to the
mixture placed in the external electrical/magnetic field is equal to the potential caused by a
geometrically identical object having an effective conductivity/permeability/permittivity.
Empirically based power law models have been popularly used [4-7]. The power law model
predicts the effective permeability as
uef = (1= O’ + fu? (1)

Where #1and #z are the relative permeability values of the first and second phase respectively,
f is the fraction of the second phase, and 5 is a dimensionless parameter. Examples of the
power law are the Birchak formula (B = 1/2) [7] and the Looyenga formula ( = 1/3) [6] for

prediction of the dielectric constant of mixtures.



Hao et al. developed a FE microstructure-permeability model to predict the low field relative
permeability based on actual microstructures in steels [4]. The microstructural phases were
considered as constituents with different low field relative permeability values. The FE
microstructure model was found to give good agreement with measured results over the whole
range of ferrite fraction for austenite/ferrite stainless steel microstructures at room temperature,
whilst the power-law model with = 1/2 did not give a good fit, and using p = 1/3 only gave
good agreement with measured results at ferrite fractions above 40% (samples with ferrite
fractions below 40% would require a much smaller B value to give good fitting) [4]. This is
because when the ferrite fraction is low (ferrite grains are isolated), the magnetic flux takes a
complex route between ferrite regions, to minimize passage in austenite. The empirically based
power law models do not consider this effect, hence are not able to fit well throughout the full
ferrite fraction range using one B value. Using the same FE modelling approach, Zhou et al.
extended the model to consider 3D microstructures and modelled the effect of ferrite fraction
on the low field relative permeability of ferrite/pearlite steels with both uniform and non-
uniform second phase distributions and showed very good fit to the experimental data [8,9]. It
was reported that the shape of the permeability-ferrite fraction relationship in ferrite/pearlite
microstructures is different than for ferrite/austenite microstructures due to the fact that the
magnetic flux pathway is less affected by the second phase when the latter is ferromagnetic (e.g.
pearlite, bainite, martensite and/or tempered martensite), than when it is paramagnetic
(austenite) [8]. To date, the FE microstructure modelling to predict relative permeability has

only been considered for samples at room temperature.

Commercial low magnetic field EM sensors, such as the EMspec system [10], have recently
been developed to monitor phase transformation in strip steels after hot rolling on the run out

table. The sensors detect the difference in electromagnetic properties, i.e. relative permeability



and electrical conductivity, in the steels with different microstructural phase balances (for
example ferrite and austenite during transformation). For quantitative characterization of the
microstructure accurate low field relative permeability and electrical resistivity with
temperature data is required. Electrical resistivity with temperature is well reported in the
literature [11] whereas there is little data on low field permeability data, and none for ferrite

and austenite microstructures at high temperature.

In this paper, a cylindrical shaped ceramic EM sensor has been used to measure the inductance
of pure iron and C-Mn steels with ferrite + pearlite microstructures at temperatures up to 800 °C

in a furnace. The measured inductance and resistivity values from the literature have been used
to obtain low field relative permeability values with respect to temperature. The low field
relative permeability values for the single phase microstructures of ferrite or pearlite have been
used in a microstructure-permeability model to predict the low field relative permeability values
for two phase ferrite + pearlite microstructures with temperature, which have been compared
to measured values. The model has also been used to predict the low field relative permeability

values for ferrite + austenite microstructures with temperature.
2. Materials and method
Melting grade (pure) iron and hot rolled C-Mn steels with different carbon contents, full

compositions given in Table 1, were used in the work.

Table 1. Chemical composition for the steel samples used in this work, all in wt%.

C Si Mn S P Cu

0.17C 0.17 0.28 0.80 0.03 0.01 0.09

0.38C 0.38 0.26 0.75 0.03 0.02 0.12




0.80C 0.80 0.20 0.96 0.03 0.02 0.02

Metallographic samples were taken in the transverse direction of the supplied steels (plate or
bar stock), polished to an OPS finish and etched in 2% nital. The samples were imaged using a
Zeiss Akioskop-2 optical microscope equipped with Axiovision 4.6.3 image capture software.
The ferrite fraction and ferrite grain size of the samples were analysed using “Image J” image

analysis software.

Samples for EM measurements (cylindrical shape with 10mm diameter and 110mm length)
were machined from the as-received steel, accurate sample size measurements were made using
vernier calipers for input into the FE model. The high temperature EM sensor, which was
formed around an alumina former, has an exciting coil of 50 turns and sensing coil of 54 turns.
In order to withstand the high temperatures K-Type thermocouple wire was used. The sensor
was encased in a high temperature solid silica coating, which both protects the exciting and
sensing coils as well as holds them in place. Images of the high temperature cylindrical sensor
during construction are shown in Figure 1. The coils were driven by a frequency response
analyser (SL1250) at 100 Hz, and the real inductance values were determined from mutual
inductance measurements. The frequency used was selected to be as low as possible without
sacrificing the stability of the data measured (as the induced voltage increases with frequency)
as then the inductance measured is mainly affected by the low field relative permeability, rather

than resistivity (as the effects of eddy currents on the signal is small).



b) | c)

Figure 1: High temperature EM sensor in different stages of construction a) showing the alumina former
(26mm outer diameter and 145mm length) and exciting coil, b) sensing coil wound over the exciting coil

and c) sensor encased in a silica coating.

The high temperature EM sensor was used to measure the inductance of the pure iron and C-
Mn steels during heating up to 800 “C in a Carbolite Gero RHF1500 muffle furnace at a heating

rate of 6.5 'C min™’. The temperature of the sample was measured separately by a K type
thermocouple which was spot welded to the sample. EM sensor measurements were carried out
at room temperature to confirm that the effect of thermocouple attachment to the sample on the

EM sensor signal is negligible.

Electrical resistivity measurements were performed at room temperature using a conventional
four-point DC method with a Cropico DO5000 microohmmeter. Each resistivity value was
determined by taking the average of 10 measurements on the same sample used for EM sensor
measurements. The resistivity change with temperature for the different samples were obtained
from [11]. The relative permeability values were determined by fitting the modelled real (as in
not imaginary) inductance with the experimental measured real ones for samples of known
permeability at room temperature, based on a nonlinear least square method in Comsol
LiveLink for Matlab. Close fits (less than 1% error) between the modelled and measured real

inductance for all the samples have been achieved. Then the relative permeability values for



the high temperature data was determined from the model using the high temperature resistivity
values and measured inductance values. The fitting method is described in [12]. The model
predicted an applied magnetic field of 26 A/m at the sample position, which agrees well with
the measured field (measured using a Gauss meter). This field strength is similar to the applied
field of the commercial EMspec sensor in the sample, when operating at its standard 40mm lift-

off to the sample.

3. Results and discussion

3.1 Microstructures

Optical microstructures of the pure iron, 0.17C, 0.38C, and 0.8C as-received samples are shown
in Figure 2. Table 2 shows a summary of the average ferrite grain size (ECD), ferrite percentage
and resistivity, with standard deviation values, for the samples. The resistivity value increases
with carbon content in the C-Mn steels due to the increasing pearlite content and is also higher
in the C-Mn steels compared to the pure iron due to the presence of alloying elements (Si and

Mn) and the smaller grain size, as well as the presence of pearlite.



TR

Figure 2. Optical microstructures of a) pure iron, b) 0.17C, ¢) 0.38C, and d) 0.8C as-received samples.

Table 2. Summary of the ferrite percentage, ferrite grain size and resistivity values for the

pure iron and C-Mn steels. Error bars are in standard deviation.

Sample Average ferrite grain  Ferrite% Resistivity
size (um) (nQm)

Pure iron 155+68.1 100 104.0+0.3

0.17C 24.5+10.7 70.8+ 1.8 210.9£0.1

0.38C 14.0+5.8 489+1.2 218.6£0.2

0.8C - 0 243.7+0.3




3.2 EM measurements

EM sensors exploit the difference in electromagnetic properties, such as relative permeability
and electrical conductivity, between samples with different microstructural phase balances. In
ferromagnetic steels, the low frequency real inductance values are mainly affected by the
changes in relative permeability whilst at increasing frequency the effect of eddy currents (and
hence the resistivity of the steels) affects the signal. Real inductance values with frequency for
the four steels, measured at room temperature using an EM sensor using with multi-frequency
analyser, are shown in Figure 3 [8]. It can be seen that the C-Mn steels show a plateau in real
inductance values at low frequency when the effect of eddy currents is negligible, however the
pure iron sample still shows an increasing real inductance with decreasing frequency as its
lower resistivity means that eddy currents have a greater effect at low frequency. Therefore,
the inductance values measured at 100 Hz at room temperature do not simply follow an order
based on the expected relative permeability values for the samples. Whilst inductance
measurements at 10 Hz would give the expected ranking of samples based on their relative
permeability values, as the pure iron sample has not reached a plateau value any simple
approximation between the inductance and relative permeability would be incorrect. Sensor
measurements as very low frequency (<10 Hz) were found to be inaccurate as the low voltage
meant that significant noise in the signal was observed, particularly at high temperatures.
Therefore an FE model for the sensor — sample system to determine the relative permeability

values from the measured inductance taking into account the influence of resistivity is essential.
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Figure 3. Real inductance changes with frequency for pure iron, 0.17C 0.38C and 0.80C steel samples [8].
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Figure 4. Real inductance at 100 Hz changes with temperature for pure iron and 0.8C steel samples.



The measured real inductance values at 100Hz versus temperature for the pure iron and 0.8C
steel samples, using the high temperature EM sensor, are shown in Figure 4. The real inductance
values increase with temperature until the Curie point is reached at around 750 — 780°C, then
decreases to a very low value. The Curie point for the more alloyed 0.8C steel is lower than for
the pure iron sample as expected [13]. The relative permeability values for the pure iron (100%
ferrite) and 0.8C steel (100% pearlite) sample, calculated from the FE model of the cylindrical
sensor, are plotted against temperature in figure 5. The relative permeability value for pure iron
agrees well with Bozorth, who reported that the relative permeability of iron at 700 °C increases
from 2800 at 16 A/m to 7100 at 40 A/m, then gradually decreases to 3100 at 240A/m [1]: the
reported relative permeability change with applied field strength is plotted in Figure 6. The
relative permeability value is about 4700 at 26 A/m (assuming a best fit line), compared to the

determined relative permeability value of 4400 at 700 °C in this study.
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Figure 5. Relative permeability change with temperature for pure iron and 0.8C steel samples.
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Figure 6. Relative permeability change with applied field for pure iron sample at 700 °C, replotted data

from [1]

4. FE microstructure — permeability model

The COMSOL FE microstructure - permeability model used in this study is similar to that used
by Hao et al with conditions that the top and bottom boundaries of the sample were set with a
magnetic potential of 1 and 0, respectively, to generate a uniform horizontal magnetic field.
The left and right boundaries of the sample were set as electric insulation (magnetic field normal
to the boundary) to eliminate the demagnetising field [4]. The boundary conditions of the model
are shown in Figure 8. Greyscale optical micrographs of the ferrite/pearlite microstructures with
different ferrite fractions were converted to black and white binary images and imported into

the COMSOL model.

The determined relative permeability values of pearlite and ferrite with temperature (shown in

Figure 5) were used as an input into the microstructure model for the appropriate



microstructural regions. The effective relative permeability of the mixture was then calculated

by:
Bave
Ho Have

e (2)

Where B,,. is the average flux density inside the sample, u, is the permeability of free space,
and H,,,, is the average magnetic field inside the sample.

The FE microstructure modelled results of the relative permeability change with temperature
compared with the experimentally determined values for the ferrite + pearlite microstructures
(0.17C and 0.38C steels) are shown in Figure 7. It can be seen that the FE modelled permeability

values give very good agreement with the experimental obtained data.
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Figure 7. Relative permeability change with temperature for 0.17C and 0.38C ferrite + pearlite steel

samples compared to the FE microstructure modelled results.



Example magnetic flux line — microstructure models are given in Figure 8 for the 0.38C steel
at 100°C and 720°C where it can be seen that at the higher temperature the magnetic flux
concentrates more in the ferritic regions compared to the lower temperature simulation. This is
due to the greater difference in relative permeability between ferrite and pearlite at the higher
temperature and therefore the greater preference for magnetic flux to be in the ferritic regions.
As discussed earlier, the FE microstructure model works better than the power law models at
room temperature for two phase microstructures, particularly ferrite and austenite where there
is a large difference in relative permeability values. The current study suggests that this will be
even more the case at high temperatures for these ferrite and pearlite microstructures as well as

ferrite and austenite structures.

Electric A, = Electric
insulation insulation

Figure 8. FE modelled results of magnetic flux distribution for the 0.38C steel at (a) 100°C and (b) 720°C
(Stream line: magnetic flux density, boundary condition labelled in (a)). ¢) processed micrograph showing

phase distribution of ferrite (red) and pearlite (blue).

The low field relative permeability values for mixed ferrite + austenite microstructures over the
range of 0-100 % ferrite fraction were predicted for the temperature range of 451°C to 721°C
using the microstructure permeability model, Figure 9. This temperature range was selected as
being relevant for phase transformation from austenite to ferrite (or other ferromagnetic phases

such as bainite, pearlite, martensite) during dynamic cooling, such as on the run out table after



hot rolling of steel strip. It can be seen that the low field permeability starts to show an increase
at around 40-50% ferrite, where the ferrite phase is starting to be linked and form a continuous
magnetic flux pathway. This has been reported before for ferrite + austenite at room temperature
[4]. A more significant increase happens at around 70% ferrite, where most of the ferrite phase
is interconnected. These low field permeability values can be used to quantitatively predict
phase transformation fraction from low field EM sensor signals, such as EMspec system [14—

16].
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Figure 9. Low field relative permeability values for mixed ferrite + austenite microstructures over the

range of 0-100 % ferrite fraction at temperature range of 451°C to 721°C



5. Conclusions

High temperature low field relative permeability values have been determined for pure iron
(100% ferrite microstructure), 0.17C and 0.38C steels (ferrite and pearlite microstructures) and
0.8C steel (100% pearlite microstructure) from cylindrical sensor measurements of inductance
and a sensor-sample FE model, taking into account changes in resistivity with temperature. A
FE microstructure-permeability model was used to predict the relative permeability of the dual-
phase (ferrite + pearlite) steel microstructures at different temperatures up to Curie point using
as input the single phase microstructure relative permeability values. The model predictions
agree very well with the experimentally measured ones. Therefore it is proposed that the high
temperature permeability of any dual phase microstructure can be predicted and results for
ferrite and austenite microstructures are presented. Based on these (measured or predicted)
high-temperature permeability values, known resistivity with temperature data and the
microstructure-permeability models, it is possible to use low field EM sensors to determine the

ferrite fractions for dual phase steels at any temperature below the Curie point.
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