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A B S T R A C T   

An industrial-scale electromagnetic (EM) sensor is employed to non-destructively and dynamically monitor the 
microstructural phase transformation for mild steel samples with different thicknesses (3 mm, 6 mm, and 10 
mm), high carbon steel (0.76 wt% C) and 2.25Cr–1Mo steel plates. The continuous cooling process of these 
samples in ambient air (cooling rate of 0.99–7.53 ◦C/s) on a run-out table is examined. To determine the phase 
fractions based on the EM sensor signal and measured temperature, a finite element (FE) model for the EM sensor 
is utilised. The obtained phase fractions are further validated by conducting dilatometry measurements inde-
pendently, confirming the accuracy of the transformation behaviour and phase fraction determination derived 
from the EM sensor readings.   

1. Introduction 

The production of modern high-performance structural steel grades 
requires tight control of the thermo-mechanical processing parameters 
to achieve the desired microstructure and mechanical properties. Hot 
rolling, followed by a dynamic cooling process on the run-out table, 
where significant phase transformation is achieved before the coiling of 
the strip, has a significant impact on the mechanical properties of the 
hot-rolled products. It is beneficial to be able to monitor the micro-
structure changes online dynamically and non-destructively. Non- 
destructive testing techniques, such as X-ray, ultrasonic and electro-
magnetic sensors, have been demonstrated for steel microstructure 
characterisation [1–15], among which electromagnetic (EM) sensors are 
good candidates for online microstructure measurement due to their 
advantages of being safe, non-contact, having a fast response time, 
relatively low cost and are not adversely affected by the measurement 
environment (dust or steam). EM sensors work by detecting magnetic 
permeability and electrical conductivity changes, which are sensitive to 
microstructure changes such as grain size, phase balance, and pre-
cipitates due to their influence magnetic permeability (dominant effect) 
and electrical conductivity (minor effect). 

Multi-frequency low magnetic field EM sensors have been used in a 
lab environment to quantify the ferrite – pearlite phase balance in C–Mn 
steel [16,17] and ferrite - martensite phase balance in DP steel at room 

temperature [18]. The sensors are also being used to assess the micro-
structure status of power plant steel grades, considering changes in the 
martensitic structures due to thermal exposure [19,20]. In addition, 
low-field EM coil shaped sensors have been used to detect trans-
formation in hot rod or strip samples during continuous heating and 
cooling in a laboratory setup [3,21–23], where, samples were stationary 
placed within the sensing coils during heating and cooling. In com-
mercial applications, high magnetic field strength (>2 kA/m) EM sen-
sors such as the IMPOC, HACOM and 3 MA system are used online in 
cold strip mills to directly correlate measured signals to the mechanical 
properties [24–26]. EMspec™ sensors have been installed at a hot strip 
mill to detect and monitor phase transformation via high-temperature 
in-situ measurements in the run out table [14]. The harsh environ-
mental conditions in the run out table mean that the sensors are located 
at a relatively large lift-off distance to the hot steel strip and are cased in 
a cooled canister; this results in a low applied magnetic field at the target 
sample. The sensor uses the ‘zero crossing frequency (ZCF)’ measure-
ment, as it is closely related to the relative permeability value of the steel 
and is less sensitive to variations in the lift-off than the inductance value 
[27]. The EMspec™ sensor signal has been shown to measure the 
transformed ferrite-phase fractions for a plain carbon steel grade on the 
run out table in a hot strip mill, with the measurement results agreeing 
well with predicted transformed fraction based on thermodynamic - 
metallurgical phase transformation mill models [28]. 
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To interpret the EM signal it is necessary to predict the relative 
magnetic permeability from the microstructural parameters and then 
link the permeability to the sensor output. The effect of ferrite fraction 
(in ferrite–pearlite and ferrite-austenite steels with uniform second 
phase distribution) on the relative permeability at room and elevated 
temperature has been determined using a finite element (FE) micro-
structure–magnetic property model using COMSOL Multiphysics [16, 
29]. In addition, a 3D FE EM sensor model has been developed, allowing 
the EMspec™ sensor output (ZCF) to be related to the magnetic relative 
permeability and electrical resistivity of the steel [30]. This paper uses 
the FE microstructure–magnetic property model and the FE EM sensor 
model to demonstrate the dynamic measurement of transformation for a 
range of structural steel grades using the EMspec™ sensor on a furnace 
and run-out table (ROT). 

2. Materials and methods 

A range of structural steel grades, including mild steel, high carbon 
steel, and 2.25Cr–1Mo steel were used in this study. The dimensions and 
chemical compositions for the samples are shown in Table 1. 

Metallographic samples were taken in the transverse direction, pol-
ished 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. 

A DIL805A/D dilatometer was used for the measurement of phase 
transformation for all the samples. Samples of 5 mm × 10 mm ×
thickness was heated to 980 ◦C in 5 min and held for 5 min. The cooling 
rate was programmed to reproduce the cooling trajectory measured for 
the 500 × 500 mm samples on the ROT. The transformation fraction was 
calculated using the Lever rule calculation described in [31]. 

The EMspec™ sensor used in this study was provided by Primetals 
Technologies Ltd. The sensor consists of an H-shaped non-conducting 
ferrite core with an exciting coil and two sensing coils (one dummy 
and one active). The sensor is embedded in a ferritic stainless steel 
canister which is used to shield the sensor signal from the surrounding 
environment (such as run out table rollers) and is water-cooled during 
the tests to protect the sensor. The canister is installed between the 
rollers of the run-out table (ROT). 

The sensor head is set at a 40 mm lift off from the sample. Images of 
the experimental setup are shown in Fig. 1. The EMspec™ sensor works 
by generating an applied field H, simultaneously at 8 frequencies at 375, 
750, 1500, 3000, 6000, 12,000, 24,000, and 48000 Hz, using the 
exciting coil. The depth to which a magnetic field can penetrate follows 
the skin effect rule. Lower magnetic relative permeability, electrical 
conductivity, and exciting frequencies result in greater penetration 
depth. The studies in the paper have a very slow heating and cooling rate 
for the steel samples. Therefore a uniform temperature profile through 
the sample thickness has been considered. The applied magnetic field H 
to the steel samples are relative low (<150A/m measured in the FE 
model), which corresponds to the Rayleigh region of the initial mag-
netisation curve [32]. The change in flux density B in the sample results 
in inductance in the active sensing coil, while the dummy coil induc-
tance is dominated by the stainless steel canister. As the EMspec™ 
sensor output, the zero-crossing frequency (ZCF) values are calculated 
for each ‘time stamp’ using the measured phase angles at all eight fre-
quencies. ZCF is defined as the frequency at which the phase angle 

between the real and imaginary parts of the inductance (sum of dummy 
and active coil inductance) equals − 90◦. The ZCF is proven to be closely 
related to the dot product of relative permeability and electrical re-
sistivity of the sample and has the benefit of being relatively less sen-
sitive to the changes in the lift off values (distance between the sample 
and the sensor head) [27]. 

The furnace and ROT system is designed to be an automated system 
to simulate the industrial strip sample cooling, albeit without prior hot 
deformation. Powered rollers are installed both at the ROT as well as 
inside of the furnace to allow a smooth transition of the steel sample to 
and from the furnace and then over the sensor when cooling. The ROT 
system is capable of applying air, forced air and controlled water cool-
ing. In this study, all samples were pre-heated to 980 ◦C, held for 5 min 
and then moved onto the ROT for transformation monitoring during air 
cooling. K-type thermocouples with a fiberglass sheath were attached to 
the top surface of the samples and are used to monitor the temperature 
of the sample. 

The EM sensor output ZCF values were converted into trans-
formation fractions using the combination of the FE micro-
structure–magnetic property model and the FE EM sensor model. The 
details of the models are described in Refs. [29,30], respectively. In the 
microstructure–magnetic property model, simulated 3D dual-phase 
(austenite and ferrite) microstructures with a second phase fraction of 
0–100% in 5% steps were generated by an advanced Voronoi-based al-
gorithm [33]. The microstructural phases were considered as constitu-
ents with different relative permeability values, which were determined 
experimentally for austenite + pearlite (for the high carbon steel) and 
austenite + ferrite (for the mild steel) with temperature [29]. For Cr–Mo 
steel, austenite + bainite phase balance was considered. The low field 
relative permeability value of bainite of 88 was measured for the Cr–Mo 
steel. A parallel trend of how much permeability change with respect to 
temperature was assumed for bainite in compare to that of the pearlite. 
The assumption was based on that both bainite and pearlite micro-
structures have a large number of domain pinning sites finely spaced 
carbides. The austenite phase is considered paramagnetic; hence relative 
permeability of 1 is used across the temperature range used in this study. 
The effective relative permeability of the austenite–second phase mix-
tures were then calculated by the modelled average flux density B and 
the applied field H in the sample. The 3D FE EM sensor model has the 
detailed sensor and sample geometry for the EMspec™ system and 500 
× 500 mm samples and was used to calculate the effective relative 
magnetic permeability values from the microstructure–magnetic prop-
erty model and electrical resistivity values with temperature from the 
literature [34] to calculate the sensor output. The modelled relative 
permeability and hence ZCF values for different combinations of phase 
type, phase fraction, and temperature are used, as a look up table, to 
calculate the transformation fraction from the experimentally measured 
ZCF values. 

3. Results and discussion 

3.1. Mild steel plates of different thickness 

The microstructure of the 3 mm, 6 mm and 10 mm mild steel samples 
in the as-received condition and after reheating and cooling on the ROT 
are shown in Figs. 2 and 3, respectively. The as-received samples show a 

Table 1 
Dimensions and chemical compositions of steels in wt%.  

Sample name Dimensions (mm) C Si Mn P S Cr Mo Ni 

Mild-3mm 500 × 500 × 3 0.16 0.01 0.81 0.007 0.003 0.018 0.0025 0.007 
Mild-6mm 500 × 500 × 6 0.17 0.035 0.83 0.015 0.009 0.033 0.0018 0.013 
Mild-10mm 500 × 500 × 10 0.18 0.009 0.87 0.015 0.012 0.015 0.001 0.003 
High Carbon-3mm 415 × 460 × 3 0.76 0.197 0.72 0.007 0.0005 0.166 0.016 0.067 
Cr–Mo-3mm 500 × 500 × 3 0.11 0.29 0.58 0.013 0.002 2.12 0.94 0.06  
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ferrite matrix with randomly distributed pearlite and bainite phase. 
After the heat treatment, the microstructure has coarsened with an in-
crease in ferrite grain size, caused by the relatively high austenising 
temperature (980 ◦C) and the slow cooling rate. The ferrite fraction 
measured for the 6 and 10 mm sample before and after the heat treat-
ment is 80% ± 2%. However, the measured ferrite fraction for the 3 mm 
sample before and after the heat treatment is 70% ± 5%. This is because 
the 3 mm sample has higher bainite to pearlite ratio than the 6 mm and 
10 mm sample after the heat treatment. As the carbide content in bainite 
is less than in pearlite, formation of the bainite instead of pearlite results 
in higher volume fraction of second phase. The relative permeability of 
bainite is expected to be very similar to that of pearlite [35]. It should be 
noted that the relative permeability value, hence the EM sensor signal, 
can be affected by factors such as phase balance, ferrite grain size, 
pearlite interlamellar spacing, texture, stress and temperature. In this 
work, all samples are stress-free, and the variation in phase balance and 
temperature has the dominant effect on the relative permeability values 
and is considered in this work [16]. 

The measured cooling trajectories for the 3 mm, 6 mm and 10 mm 

mild steel strip samples during sensor measurements are shown in Fig. 4. 
As expected, the cooling rate decreases with increased sample thickness. 
Evidence of latent heating during transformation was shown in all 
samples. The first change in cooling temperature gradient due to latent 
heating happens at around 740 ◦C, which is consistent with the start of 
the austenite to ferrite transformation. A second change in cooling 
temperature gradient due to latent heating occurs at around 640 ◦C, 
which is believed to be due to the austenite to pearlite transformation. 
When compared to the thinner sample, the thicker sample shows a more 
noticeable latent heat effect. This is because the thicker sample has a 
larger volume, which produces more heat that takes longer to spread to 
the surface. The thermal conductivity of the material limits this diffusion 
process. The average cooling rates for the 3 mm, 6 mm and 10 mm mild 
steel samples between 980 ◦C and 500 ◦C, the temperature range where 
transformation happened, were calculated to be 3.04, 1.57 and 0.99 ◦C/ 
s respectively. 

The EMSpec™ sensor output (ZCF) versus temperature for the 3 mm, 
6 mm and 10 mm mild steel sample cooling from 980 ◦C is shown in 
Fig. 5. It can be seen that the same sample grade mild steel sample with 

Fig. 1. a) Images of the furnace and run-out table system, b) image of a hot steel plate placed on the runout table above the sensor location, and c) the EMspec™ 
sensor in its protective housing installed between the rollers on the runout table. 

Fig. 2. Optical micrographs of the a) 3 mm, b) 6 mm and c) 10 mm mild steel samples in as-received condition.  

Fig. 3. Optical micrographs of the a) 3 mm, b) 6 mm and c) 10 mm mild steel samples after reheating and cooling.  
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different thicknesses can be distinguished from the sensor output. At the 
highest temperature, around 980 ◦C, the ZCF values are very low, as the 
steel samples are paramagnetic above the Curie point. In addition, the 
microstructure phase of all three samples should be 100% austenite, 
which would also be paramagnetic at this temperature. As the steel 
samples cool, the ZCF for the 10 mm sample begins to increase at 
approximately 740 ◦C and peaks at 122 kHz at around 720 ◦C. The 
temperature is below the Curie temperature for this steel (approximately 
760 ◦C). Hence the increase in ZCF is believed to be due to the austenite 
to ferrite transformation. ZCF can be affected by both relative magnetic 
permeability and the electrical resistivity of the sample. At 720 ◦C the 
electrical resistivity changes from 1.02 μΩm for austenite to 0.93 μΩm 
for ferrite phase, which will have a small change on the ZCF values. In 
comparison, the relative magnetic permeability changes from 1 for 
austenite to 6980 for ferrite at this temperature, which clearly domi-
nates the signal changes. After the peak, the ZCF decreases with the 
temperature, which is associated with a decrease in relative perme-
ability and electrical resistivity of the sample as the temperature de-
creases (i.e. temperature effect) [29]. For the 6 mm sample, the ZCF 
value increases sharply at 743 ◦C until reaching a peak at 73 kHz at 

around 705 ◦C. This is consistent with the austenite to ferrite trans-
formation. After the peak, the ZCF begins to decrease with temperature 
until approximately 650 ◦C, where the gradient becomes steeper. In the 
temperature range of 705–650 ◦C, the 6 mm and 10 mm sample are still 
likely to be undergoing transformation, including from the remaining 
austenite phase to pearlite. The increase in relative permeability due to 
the remaining austenite (approx. 20%) to pearlite transformation is not 
as significant as the initial ferrite formation (as pearlite has a lower 
permeability than ferrite (~500 compared to ~7000 at this temperature 
range [29]) and therefore effectively masked by the decrease in relative 
permeability due to the temperature effect. The combined effect of 
transformation and decrease in temperature leads to a less steep 
decrease in ZCF between 710 ◦C and 650 ◦C. After 650 ◦C, the sample 
should have completed phase transformation and the ZCF continues to 
decrease with temperature due to the temperature effect. The 3 mm 
thick sample has the fastest cooling rate of the three thicknesses, which 
results in the transformation starting at a lower temperature than for the 
10 mm and 6 mm mild steel. This is shown by the ZCF starting to in-
crease at the lowest temperature (727 ◦C) of the three thicknesses and 
peaks at 31 kHz at 645 ◦C. The lower ZCF peak value is caused by the fact 
that the transformation starts at a lower temperature due to the faster 
cooling rate and permeability being strongly temperature dependent. 

The EM sensor measured ferrite transformation fraction was pre-
dicted from the dynamic EM sensor output (ZCF values) for the 3 mm, 6 
mm, and 10 mm mild steel samples, using the combination of the FE 
microstructure–magnetic property model and the FE EM sensor model. 

The measured ferrite transformation fraction from the EM sensor, for 
the three thickness samples, and the dilatometry test data, determined 
for the three cooling rates relevant for the three thickness samples, are 
shown in Fig. 6. It can be seen that the EM sensor predicts a similar 
starting transformation temperature for the 6 mm and 10 mm samples in 
comparison with the dilatometry results. However, the EM sensor pre-
dicted a earlier finish transformation temperature than dilatometry. As 
discussed earlier, the relative magnetic permeability change is domi-
nated by the austenite to ferrite transformation, whereas the dilatometry 
also shows the final austenite to pearlite transformation, which 
happened at a lower temperature, hence than change in gradient. For 
the 3 mm sample, the EM sensor predicts an earlier starting and finishing 
transformation than the dilatometry results. This is caused by the dif-
ference in the transformation behaviour during the ROT and the dila-
tometry test. The microstructure of the 3 mm sample shows ferrite and 
pearlite phases, whereas the microstructure of the sample after the ROT 
test shows ferrite and bainite phases. The continuous cooling trans-
formation (CCT) diagram of the 3 mm mild steel sample predicted using 

Fig. 4. The measured cooling trajectories for the 3 mm, 6 mm and 10 mm mild 
steel during sensor measurements. Cooling rates between 980 ◦C and 500 ◦C are 
shown for each sample. 

Fig. 5. ZCF versus temperature for 3 mm, 6 mm and 10 mm mild steel dur-
ing cooling. 

Fig. 6. EM sensor and dilatometry measured transformed fraction versus 
temperature for 3 mm, 6 mm and 10 mm mild steel samples. 
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JMatPro with an assumed austenite grain size of 20 μm is shown in 
Fig. 7. It can be seen that the cooling rate of around 3 ◦C for the 3 mm 
mild steel sample is very close to the nose of the bainite transformation. 
This means that a slight variation in the cooling rate between the ROT 
and dilatometry tests can cause significant differences in transformation 
behaviour and hence the microstructural phase formation. 

3.2. High carbon steel 

The microstructure of the high carbon steel samples in the as- 
received condition and after reheating and cooling on the ROT is fully 
pearlitic. The measured cooling trajectories for the 3 mm high carbon 
and the 3 mm mild steel during sensor measurements are shown in 
Fig. 8. The average cooling rates for the high carbon steel and the mild 
steel samples between 980 ◦C and 500 ◦C were calculated to be 7.5 and 
3.04 ◦C/s, respectively. Significant latent heating occurs after initial 
cooling down to 615 ◦C for the high carbon steel due to the trans-
formation to 100% pearlite. The difference in cooling rate for the same 
thickness samples is due to the difference in oxidation between the 
steels, with more oxide being formed on the 3 mm mild steel than on the 
high carbon steel (post-test observation). 

The EMspec™ sensor output (ZCF) versus temperature for the 3 mm 
high carbon and the 3 mm mild steel sample cooling from 800 ◦C is 
shown in Fig. 9. The ZCF curve of the high-carbon steel is affected by 
latent heat. It can be seen that at around 630 ◦C, there is an increase in 
temperature as the ZCF increases. The mild steel has a higher ZCF peak 
value than the high carbon steel, as the mild steel transforms at a higher 
temperature than the high carbon steel, which is expected from the iron- 
carbon phase diagram. The difference in the ZCF values at the same 
temperature during cooling is due to the microstructure difference. The 
phase transformation in mild steel is mainly austenite to ferrite, whereas 
in high-carbon steel, austenite to pearlite transformation dominates. The 
ferrite phase has a higher relative permeability than pearlite. Therefore 
the ZCF value of mild steel remains higher than high carbon steel after 
the peak, and it is expected that the ZCF values would not come together 
even at room temperature. ZCF curves clearly distinguish the steel 
sample with different carbon content from the EMSpec™ sensor. 

The pearlite transformation fraction results predicted by the EM 
sensor output and measured by dilatometry for the high carbon steel 
samples for the same cooling rate are shown in Fig. 10. It can be seen 
that the EM sensor predictions agree well with the dilatometry results. 
The transformation from austenite to pearlite occurs at a lower tem-
perature (around 630 ◦C) than the austenite to ferrite transformation in 
the 3 mm mild steel (around 720 ◦C). 

Fig. 7. Continuous cooling diagram for the 3 mm mild steel sample predicted using JMatPro software.  

Fig. 8. The measured cooling trajectories for the 3 mm mild steel and high 
carbon steel samples during sensor measurements. Cooling rates between 
980 ◦C and 500 ◦C are shown for each sample. 

Fig. 9. ZCF versus temperature for the 3 mm high carbon steel and the 3 mm 
mild steel during cooling. 
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3.3. Cr–Mo steel 

The microstructure of the Cr–Mo steel samples in the as received 
condition and after reheating and cooling on the ROT are shown in 
Fig. 11. A fully bainitic microstructure can be observed for both samples 
before and after the heat treatment. The morphology of the bainitic 
microstructure changes slightly after the heat treatment. However, the 
change in relative magnetic permeability due to the different 
morphology of the bainitic structure is expected to be very small in 
comparison with the changes due to transformation [35]. 

The measured cooling trajectories for the Cr–Mo steel during sensor 
measurements are shown in Fig. 12. The average cooling rates for the 
Cr–Mo sample between 980 ◦C and 500 ◦C, is 3.93 ◦C/s. The cooling rate 
is slight higher than the 3 mm mild steel sample (3.04 ◦C/s) as there is 
less oxidation of the sample which can affect the cooling. The At around 
500 ◦C, a change in cooling rate is seen due to the latent heating effect 
due to the transformation from austenite to bainite. 

The EMspec™ sensor output (ZCF) versus temperature for the Cr–Mo 
steel sample cooling from 550 ◦C is shown in Fig. 13. The alloying ele-
ments of Cr and Mo significantly increase the hardenability of the steel; 
hence the austenite to bainite transformation is expected to happen at 
temperatures that are significantly lower than the Curie point of the 
steel. Above 520 ◦C, the ZCF values are very low, as the steel is 100% 
austenite, which is paramagnetic. As the steel samples cool, the ZCF 
begins to increase at approximately 500 ◦C and peaks at 5.5 kHz at 
around 403 ◦C. After the peak, the ZCF decreases with the temperature, 
which is associated with a decrease in relative permeability and elec-
trical resistivity of the sample as the temperature decreases (i.e. tem-
perature effect). The bainite transformation fraction results predicted by 

ZCF and measured by dilatometry for the Cr–Mo steel samples are shown 
in Fig. 14. It can be seen that the EM sensor predictions agree well with 
the dilatometry results. 

Typically, dilatometry measurements, which rely on dimensional 
changes, are widely regarded as the most accurate method for measuring 
phase transformations. However, these measurements necessitate 
machining the sample into a small size and assuming a uniform 

Fig. 10. EM sensor and dilatometry measured transformed fraction versus 
temperature for high carbon steel samples. 

Fig. 11. Optical micrographs of the Cr–Mo steel samples in a) as-received condition and b) after the heat treatment.  

Fig. 12. The measured cooling trajectories for the Cr–Mo steel during sensor 
measurements. Cooling rates between 980 ◦C and 500 ◦C is shown. 

Fig. 13. ZCF versus temperature for the Cr–Mo steel during sensor 
measurements. 
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temperature and cooling profile throughout the sample. In contrast, the 
electromagnetic (EM) sensor can measure a significantly larger area, 
approximately 400 mm2, making it more suitable for in-situ and dy-
namic monitoring of steel strips or plates during processing. 

4. Conclusion 

In this study, a recently developed industrial electromagnetic sensor 
(EMspec™) has been used to dynamically monitor the phase trans-
formation behaviour of C–Mn and Cr–Mo steel plates during continuous 
cooling at a laboratory run-out table. The sensor signal (zero crossing 
frequency) has been converted into a phase transformed fraction using a 
previously developed finite element microstructure–magnetic property 
model and the electromagnetic sensor model. The transformation frac-
tion measured by the sensor are in good agreement with independently 
measured transformation fraction using dilatometry. It is shown that the 
sensor can monitor phase transformation dynamically and that the dif-
ferences in transformation fraction and transformation temperature 
(due to different steel composition or different cooling rates, due to 
different plate thickness) can be observed. 
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