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Mechanical properties of steels are closely related to microstructures. However, in steel process 
there is a lack of effective online monitoring and characterized methods for steel microstructures 
and mechanical properties, giving rise to issues of low steel quality and high alloy costs (to 
ensure mechanical strength). In order to ensure the mechanical performance of steels, advanced 
characterization methods and measurement instruments are necessary for real-time online monitoring 
of the production process. In this study, electromagnetic responses on steel microstructures and 
mechanical properties are investigated. An online electromagnetic non-destructive characterization 
system for steel microstructures is developed. Relationships between microstructures and steel 
mechanical properties have been demonstrated through mechanical performance tests. Therefore, the 
electromagnetic non-destructive characterization system can be used for real-time online monitoring 
of mechanical properties of steels.

Keywords  Microstructure, Mechanical properties, Inductive reactance, Non-destructive detection

Steels continue to dominate as the primary structural materials in the present and the foreseeable future, serving 
as the material basis for social and economic development1–4. Carbon steels, such as Q235 (GB/T 700-2006)5–7, 
Q355B (GB/T 1591-2018)8–10 are extensively utilized due to the excellent mechanical performance and the cost-
effectiveness. Steel microstructures determine mechanical properties and product service life11. It is required 
real-time online monitoring and adjustment for phase compositions and mechanical properties during the steel 
production process. Rapid and accurate characterization on steel microstructural components, e.g. phase type, 
phase fraction, phase distribution, grain size, is an important precondition for achieving quantitative adjust of 
steel microstructures. Multi-frequency electromagnetic sensors can be deployed in steel product process and 
are able to give information of microstructure transformation online12, as shown in Fig. 1. Production control 
therefore can receive the feedback in real time and dynamically adjust production parameters to guarantee 
desirable steel microstructures and mechanical properties.

However, current research of characterization on steel microstructures and mechanical properties is confined 
to the stages of temperature measurements and finite element modellings, without widespread application 
in industrial practice13. Various environmental influences and the effects of measurement parameters during 
industrial measurements have yet to be thoroughly investigated from an academic perspective.

Multi-frequency electromagnetic technology, based on electromagnetic induction, is highly valued for its 
real-time, online capabilities, which suits the detection needs in steel production. Shen14 demonstrated that 
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as the ferrite phase fraction increases in dual-phase steel (ferrite-pearlite), its relative permeability rises. This 
study used multi-frequency sensors to monitor phase transformations during rolling and adjusted cooling 
systems dynamically for cost-effective advanced steel production. Davis15 showed that these sensors can detect 
microstructural changes in steel, with low-frequency inductance measuring ferrite in samples with less than 40% 
ferrite and zero-crossing frequency characterizing ferrite content above 40%. The finite element (FE) method 
investigated sensor responses to steel microstructure changes. Xiao16 used a microstructure FE model to calculate 
magnetic permeability based on various phase compositions and grain sizes. Yanagawa17 found that ferrite-
pearlite yield strength varies with pearlite fraction, from 0.354 GPa to 0.364 GPa. Jolfaei18 used sensors to relate 
magnetic permeability and tensile strength in dual-phase steel, showing significant impacts from ferrite fraction 
and grain size. Wilson Handoko19 identified martensite as the hardest phase, followed by bainite, pearlite, and 
ferrite, with hardness increasing with pearlite content. Trivedi20 found that increasing ferrite content decreases 
tensile properties and hardness but increases toughness, while pearlite increases tensile properties and hardness 
but decreases toughness. Ayush21 found that heat treatment can improve the toughness of materials. Kulkarni22 
found that different heat treatment techniques can enhance the mechanical properties of steel samples, such as 
tensile strength, hardness, toughness and shear strength.

Current studies are carried out based on the fact that there are limited relationships between electromagnetic 
signals and steel microstructures/mechanical properties. Most researches are limited to investigate influences 
of microstructures on mechanical properties. Further research is needed to explore the relationship between 
electromagnetic signals and mechanical properties. In addition, steel production sites characterized by high 
temperatures, extensive noise and dust. Some possessed large mechanical facilities will give limited space for the 
electromagnetic sensor installation. The challenge lies in the development of measurement system with stable 
performance and the proper installation of sensors to achieve real-time online monitoring without disrupting 
production processes.

In the continuous steel product process, the key to accurately characterize mechanical properties lies in 
establishing relationships between electromagnetic signals and steel microstructure components. This paper 
utilized multi-frequency electromagnetic sensor technology to study responses of steel microstructures (Q235 
and Q355B) on electromagnetic signals. The quantitative relationships between electromagnetic signals and 
microstructures were investigated. Furthermore, relationships between microstructure and material properties 
such as strength, hardness and toughness were explained. The mechanism by which dislocations affect the 
mechanical properties of the material was studied from an atomic perspective.

Fig. 1.  Real-time online steel microstructure and mechanical property characterizations using multi-frequency 
electromagnetic sensors.
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Principle of multi-frequency electromagnetic characterization technology
The multi-frequency electromagnetic characterization technology is based on the principle of electromagnetic 
induction. The finite element modeling of the magnetic induction mechanism is shown in Fig. 2a. It shows the 
current direction of the excitation coil and induction coil, represented by yellow and green arrows respectively. 
Magnetic induction lines move from one yoke foot to another through the steel, resulting in a higher magnetic 
flux density in this part of the sample, while the other areas of the steel have a lower magnetic flux density.

Experimental results demonstrate that inductive reactance is directly proportional to frequency. If inductive 
reactance is denoted as (XL), inductance as (L) and frequency as (f), then the calculation formula is:

	 XL = 2πfL� (1)

As frequency increases, the magnetic field changes more rapidly. This implies a greater rate of change in the 
magnetic field over time. According to Faraday’s law of electromagnetic induction, the induced electromotive 
force (EMF) increases with frequency. The increased EMF generates stronger eddy currents within the steel 
conductor. These eddy currents, in turn, produce magnetic fields in the opposite direction to the changing 
magnetic field, leading to greater energy losses and localized heating effects. Studies have shown that eddy 
currents increase with frequency, eventually approaching the strength of the original magnetic field, thus 
reaching a dynamic equilibrium.

At lower frequencies, the magnetic field generated by the excitation coil magnetizes the steel sample and 
the inductive reactance signal is primarily influenced by frequency. When the frequency and the effects of 
eddy currents reach a balance, the inductive reactance value reaches to the peak. With the further increase in 
frequency, the alternating magnetic field induces more eddy currents. The magnetic field generated by the eddy 
currents opposes the primary magnetic field, reducing the inductance of the sensing coil and thus lowering the 
inductive reactance value. At this stage, eddy currents become the main factor affecting the inductive reactance 
signal. The signal is predominantly influenced by eddy currents. When the intensity of the eddy currents 
eventually approaches the strength of the original magnetic field, the inductive reactance value reaches its lowest 
point. The change of the inductive reactance strength with frequency is shown in Fig. 2b.

Development of the multi-frequency electromagnetic characterization system
A U-shaped electromagnetic sensor is used in the study. It generally consists of a yoke (the shape and size can be 
determined based on the object being tested), excitation coil, induction coil, signal amplification and recognition 
system with electronic circuit connection. The yoke is made of the soft ferrite material with an overall height 
of 80 mm and a length of 134 mm. The schematic diagram of the U-shaped sensor is shown in Fig. 3a. The 
U-shaped sensor is wound with 0.5 mm silver-core wire. The excitation coil in the middle of the yoke is wound 
in a stacked manner, with 50 turns per layer and a total of 150 turns. Each of the two induction coils consists of 
50 turns of wire. The dimensions of the U-shaped sensor are as shown in Fig. 3b.

Due to the harsh operating environment in the production site, protective enclosures were designed to reduce 
the impact of the steel production site and to extend the lifespan for the sensor, as shown in Fig. 3c. The enclosure 
is made of polyvinyl chloride (PVC) material, which are capable of both dust and moisture resistance, as well as 
250 ℃ temperature endurance. To better shield the U-shaped sensor from the effects of on-site environments, a 
layer of insulating tape is wrapped inside the sensors.

The Multi-frequency electromagnetic characterization hardware system consists of enhanced multi-
frequency single-channel digital electromagnetic measurement instrument and the sensor. The hardware system 
is illustrated in Fig. 3e. The hardware design comprises three main functional modules: the Signal Generator 
Module (SGM), Impedance Measurement Module (IMM) and High-Speed Universal Serial Bus (USB). The 

Fig. 2.  (a) FE model for a laboratory U-shaped sensor on a strip steel sample showing the surface contour plot 
of the magnetic flux density; red streamlines indicate the magnetic flux density in ferrite core (b) schematic of 
inductive reactance-frequency curve.

 

Scientific Reports |          (2025) 15:400 3| https://doi.org/10.1038/s41598-024-84502-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


IMM is used to measure the excitation current and detected voltage waveforms, with the excitation current 
generated by the SGM. The measurement results are sent back to the host via a high-speed USB link.

The operation software was built on the LabVIEW platform and is designed to display the inductive reactance 
values detected by sensors within the range of 1–65,000 Hz. It enables online output of frequency and inductive 
reactance curves with a sampling interval of 0.2 s under corresponding steel production parameters.

The parameter setting interface includes the required product information, measurement setting and real-
time displayed data. The input data includes the measurement frequency (ranging from 1 Hz to 65,000 Hz), 
test speed Cascaded Integrator-Comb Filter (CIC), lift-off (distance between the sensor and the sample), steel 
moving speed and sample geometry information. The measurement results include the phase fraction of the 
microstructure, strength, hardness and toughness. Based on the varying lift-off distances at the installation 
site, constant values K and C are set to adjust the measurement signal range, implementing the functionality 
of measuring signal × K + C, with default values of 1 and 0 respectively. The test speed CIC (CIC × 1000/ 
F = sampling interval) is used to adjust the speed of signal data processing. The software operating interface is 
shown in Fig. 3f.

The magnetic permeability of ferrite is superior to pearlite for steel microstructures. The ferrite phase 
fraction is the primary influencing factor on the detection signal of the electromagnetic sensor. By establishing a 
database of the relationship between inductive reactance and ferrite phase fraction, a database of the relationship 
between ferrite phase fraction and mechanical properties, the relationship between inductive reactance 
signal and mechanical properties can be derived. The summarized database is input into the multi-frequency 
electromagnetic characterization system, which is eventually applied in the industrial production. The on-site 
production installation position is shown in Fig. 3g. The complete process of multi-frequency electromagnetic 
characterization system is shown in Fig. 3d.

Results
Metallographic analysis
This study conducted metallographic structure and grain size analyses on Q235B and Q355B samples obtained 
from the production. Figure 4a shows the multi frequency electromagnetic characterization system used for 
Q235 samples in the lab. The chemical compositions of samples are listed in Table 1.

Figure 4b shows the metallographic structures of Q235 and Q355 samples. The microstructures of all samples 
are observed to consist of ferrite (white) and pearlite (black). The phase fraction of ferrite was determined using 
ImageJ software and the area fraction method, as depicted in Fig. 4c. The ferrite phase fraction for each sample 
was obtained by averaging phase fractions of ferrite from six different faces of the sample. The complete 3D 

Fig. 3.  (a) Principle of sensor (b) u-shaped sensor (c) sensor shell (d) the logic process of multi-frequency 
electromagnetic non-destructive testing system (e) hardware (f) software (g) engineering application.
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metallographic structure of the sample is shown in Fig. 4d. A grain size analysis was conducted on samples, as 
shown in Fig. 4e. The results of the grain size levels are listed in Table 2, indicating that the grain sizes of the 
samples are generally similar and the influence on the electromagnetic signal can be omitted.

Impacts of microstructures on magnetic induction intensity
The influence of ferrite phase fraction on electromagnetic signals can be explained by establishing a 
microstructure finite element model12,13,15 with the induced magnetic field, as shown in Fig. 5a. Figure 5a–c 
illustrate the magnetic flux density distribution in the ferrite-pearlite dual-phase structure with ferrite contents 
ranging from 65 to 85%. Red regions represent ferrite grains with high magnetic flux density, while blue regions 
is pearlite grains with low magnetic flux density. Some ferrite grains encapsulated by pearlite are shown in yellow 
or cyan. Due to the obstruction effect to the flowing of magnetic flux lines by pearlite, grains perpendicular to 
the flow direction of the magnetic flux lines exhibit lower magnetic flux density, shown as green in Fig. 5a. The 
result indicates that as the ferrite content increases, the magnetic flux density also increases. This gives a decrease 
in the inductive reactance of the sample.

Sample Measuring line length, μm The average grain intercept, μm Measure the cut points on the grid Average number of grain size

1 1056.8 7.39 143 10.87

2 1056.8 6.88 153.5 11.08

2 1056.8 6.84 154.5 11.1

4 1056.8 6.82 155 11.1

5 1056.8 7.09 149 10.99

Table 2.  Grain size measurement for Q235 sample.

 

Chemical composition (mass fraction) %

Grade C Si Mn N S

Q235B 0.164 0.09 0.26 0.0049 0.009

Q355B 0.175 0.19 0.37 0.0046 0.005

Table 1.  The chemical composition of samples used in the experiment.

 

Fig. 4.  (a) Laboratory detection (b) metallographic structure (c) imageJ picture (d) the complete 3D 
metallographic structure of the sample of Q235 and Q355 (e) grain size analysis.
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Figure 5d shows the modelling relationship between the ferrite phase fraction (65% to 85%) and inductive 
reactance of Q235 and Q355 at a frequency of 1500 Hz. The electromagnetic induction intensity increases with 
the rise of ferrite phase fraction. A reduction in the proportion of pearlite (is with a high dislocation density) 
leads to a decrease of obstruction effect of magnetic flux lines. This enhances the inductance and reduces the 
inductive reactance. For the same ferrite phase fraction, the inductive reactance of Q355 is greater than that of 
Q235. This is attributed to the smaller grain size of Q355, which results in a higher number of grain boundaries 

Fig. 5.  (a–c) The modelling distribution of magnetic flux density for dual phase structures with ferrite factions 
varying (from 65 to 85%) (d) the inductive reactance value changing with different ferrite phase fractions of 
steel plates.
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with elevated dislocation density. The high dislocation density reduces the maximum saturation magnetic 
density, explaining the increase in inductive reactance with the rise in the number of grain boundaries23.

When the ferrite phase fraction is within the range of 70% to 80%, the inductive reactance exhibits low 
fluctuation. However, when the ferrite phase fraction falls below 70%, the fluctuation in inductive reactance 
increases and follows a trend similar to the inductive reactance of air (with an inductive reactance of 0.2786 
Ω). This is because the ferrite is α-Fe. When Fe atoms in the α-Fe lattice are excited by a magnetic field, the 
magnetic moments of the magnetic domains easily rotate, increasing the total magnetic moment in the direction 
of the external magnetic field, as shown in Fig. 6a. This change leads to an increase in the magnetic domains in 
the direction of the magnetic flux lines, thereby increasing the magnetic flux density in the ferrite regions. As 
a result, the magnetic induction intensity increases and the inductive reactance decreases. After carbon atoms 
enter the iron lattice as interstitial solutes, they cause local lattice distortions, increasing the lattice distortion 
energy, thereby leading to the formation and proliferation of dislocations. This mechanism has a significant 
impact on the strength, hardness and toughness of the material.

Pearlite is a mechanical mixture of Fe3C and α-Fe. The interface between Fe3C and α-Fe in pearlite contains 
a significant number of dislocations24. The total number of dislocations increases with the pearlite content. The 
increase in dislocations hinders the reorientation of magnetic domains in atomic clusters, leading to a decrease 
in the magnetization intensity within the pearlite regions23, as illustrated in Fig. 6b. However, this is not able to 
be used to explain the abrupt change in the inductive reactance signal when the ferrite phase fraction changes 
from 65 to 70%. This is because, at lower ferrite contents, a large amount of pearlite with high dislocation 
density obstructs the passage of magnetic flux lines. At this stage, the change in the inductive reactance signal is 
dominated by pearlite. As the ferrite content increases, the variation in the inductive reactance signal becomes 
primarily governed by the ferrite phase fraction. With the increase in ferrite phase fraction, the number of 
dislocations decreases and a sharp decline is presented in the inductive reactance signal. This observation is 
consistent with the findings of Sablik25 and Lo26.

Relationships between magnetic induction intensity and strength
In order to establish the relationship between electromagnetic signals and strength, tensile tests were conducted 
on samples with ferrite phase fractions ranging from 65 to 85%. Q235 and Q355 samples with different ferrite 
phase fractions were selected and cut into I-shaped samples with a total length of 45 mm, a width of 10 mm and 
a thickness of 2.5 mm for strength tests. The strain rate of the test is 2 mm per minute. The samples were polished 
with sandpaper to remove the surface oxide layer. The tensile tests were performed using a universal testing 
machine with flat grips to clamp the ends of the specimens. The experimental procedure is shown in Fig. 7a.

Figure 7b,c show the tensile fracture surfaces of Q235/Q355 with ferrite content ranging from 65 to 85%. 
Numerous dimples were observed on the fracture surfaces, indicating the presentation of ductile fracture 
within tested samples. Q235/Q355 samples primarily consists of ferrite and pearlite. Ferrite is the ductile phase 
and these dimples are mainly attributed to the fracture of ferrite. In addition to the dimples, lamellar pearlite 
fracture with slip characteristics was also observed in Fig. 7b,c. Since pearlite is a mechanical mixture of ferrite 

Fig. 6.  (a) Diagram of the mechanism by which ferrite influence magnetic domain switching (b) diagram of 
the mechanism by which pearlite influence magnetic domain switching.
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and Fe3C, the fracture of pearlite mainly occurs by slip between ferrite and Fe3C, rather than by transgranular 
or intergranular fracture27. Consequently, the amount of lamellar Fe3C reflects the different pearlite contents. 
Figure 7(b-1) to 7(b-4) show that as the ferrite phase fraction decreases from 85 to 65%, the amount of lamellar 
Fe3C increases. Other areas mainly exhibit dimples caused by the fracture of ferrite. Figure 7b(b-5) shows the 
morphology of pearlite slip in Fig. 7b(b-4), where lamellar Fe3C can be observed. The lamellar black substance 
in the green dashed area is Fe3C, confirming that the slip region is pearlite. From Fig.  7(b-1) to 7(b-4), the 
increase in the amount of lamellar Fe3C can be observed, indicating an increase in pearlite content. High pearlite 
content inhibits ferrite deformation, leading to an increase in tensile strength, which is consistent with the 
electromagnetic testing results.

It can be seen in Fig. 7d,f that as the ferrite phase fraction increases in Q235/Q355, the tensile strength and 
yield strength of the samples decrease. Conversely, as the pearlite content increases, the strength of the steel 
increases. There are numerous dislocations at the Fe3C and α-Fe interfaces within pearlite. The total number 
of dislocations increases with the pearlite content. According to the Taylor’s equation, the yield strength of the 
material is proportional to the square root of the dislocation density. The increased dislocation density enhances 
the atomic-level obstacles within the lattice, making further atomic layer slip more difficult, thus increasing 
the yield strength of the material. The trends in tensile strength and yield strength are consistent with changes 
in the ferrite phase fraction. Therefore, the results demonstrate that the strength of the tested samples can be 
characterized based on the ferrite phase fraction. The relationship between the electromagnetic signal and 
strength is shown in Fig. 7e,g.

Fig. 7.  (a) Universal tensile testing machine experimental procedure (b) SEM test diagram of Q235 fracture 
(c) SEM test diagram of Q355 fracture (d) relationship between strength of Q235 sample and ferritic phase 
fraction (e) relationship between strength of Q235 sample and inductive reactance (f) relationship between 
strength of Q355 sample and ferritic phase fraction (g) relationship between strength of Q355 sample and 
inductive reactance.

 

Scientific Reports |          (2025) 15:400 8| https://doi.org/10.1038/s41598-024-84502-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Relationships between magnetic induction intensity and hardness
To establish the relationship between electromagnetic signals and hardness, microhardness tests were conducted 
on samples with ferrite phase fractions ranging from 65 to 85%. Micro Vickers hardness tests were carried out on 
10 × 10 × 10 mm3 samples with varying ferrite phase fractions. The load for the hardness measurement is 0.1 kg 
and the dwell time for the hardness measurement is 15 s. The experimental procedure is illustrated in Fig. 8a.

Five hardness points were tested on each sample, including both ferrite and pearlite microhardness, as shown 
in Fig. 8b. The hardness of each point was recorded in Fig. 8c. The results indicate that within the same sample, 
the microhardness of the first group of pearlite is higher than that of the fifth group of ferrite. The hardness 
was taken the average value of five groups, with the result showing Q355 is with higher hardness than Q235. 
Figure 8d,e show that as the ferrite phase fraction increases from 65 to 85%, the hardness of Q235 decreases from 
185.9 HV to 124.2 HV and the hardness of Q355 decreases from 230.5 HV to 144.8 HV.

This is attributed to the smaller grain size of Q355, which results in a higher number of grain boundaries with 
elevated dislocation density. Pearlite is a phase in steel with a high dislocation density. The increased dislocation 
density implies that higher energy is required for atomic movement during hardness testing, which explains the 
increase in hardness. As the phase fraction of pearlite increases, the amount of cementite also rises. In pearlite, 
the presence of cementite in the structure contributes to the relatively higher hardness of pearlite. The interface 
between the ferrite and cementite phases exhibits a high dislocation density, which also contributes to the higher 
hardness. Mainly with the combined effects of two factors, there is a trend of increasing hardness as the pearlite 
phase fraction increases. Therefore, the hardness of the tested steel plates can be deduced from the measured 
ferrite phase fractions. The relationship between the inductance signal and the hardness can be determined, as 
shown in Fig. 8f.

Relationships between magnetic induction intensity and toughness
To establish the relationship between electromagnetic signals and toughness, impact tests were conducted on 
samples with ferrite phase fractions ranging from 65 to 85%. Q235 and Q355 samples with different ferrite phase 
fractions were selected and cut into samples with a total length of 55 mm, a width of 10 mm and a thickness 
of 5  mm. The samples were subjected to impact testing using an impact testing machine. The experimental 
procedure is illustrated in Fig. 9a.

Figure 9b,c show the impact fracture surfaces of Q235/Q355 with ferrite contents ranging from 65 to 85%. As 
the pearlite gradually decreases, the number of lamellar Fe3C gradually decreases. It can be concluded that cracks 
appearing when the pearlite proportion is high are primarily characterized by river-like cleavage and dimples. 
The cleavage fracture area contains a large amount of lamellar Fe3C, indicating that the crack initiation area is 
mainly caused by the slip of Fe3C. When fracture occurs in areas with a higher pearlite content, the crack source 

Fig. 8.  (a) Hardness experimental procedure (b) microhardness map (c) the hardness at different locations 
of the specimen (d) relationship between hardness of Q235 sample and ferritic phase fraction (e) relationship 
between hardness of Q355 sample and ferritic phase fraction (f) relationship between hardness of Q235 and 
Q355 sample and inductive reactance.

 

Scientific Reports |          (2025) 15:400 9| https://doi.org/10.1038/s41598-024-84502-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


begins to slip from the lamellar pearlite, hence a high ferrite content inhibits excessive pearlite slip and increases 
impact energy. As the ferrite proportion increases, the number of dimples rises.

It can be seen from Fig. 9d that as the ferrite phase fraction in Q235/Q355 increases from 65 to 85%, the 
impact energy of the samples increases. Although high dislocation density can enhance the strength and 
hardness of the material, excessively high dislocation density may lead to the material becoming too brittle. This 
is because dislocation pile-up in the lattice restricts the ability for plastic deformation. In such cases, the material 
may fracture more easily under impact loads, displaying lower toughness. Therefore, the impact energy of the 
tested samples can be derived from the measured ferrite phase fraction. The relationship between the inductive 
signal and the impact energy is shown in Fig. 9e.

Discussions
The mechanism by which dislocations affect mechanical properties
The increases in coercivity and hysteresis loss are proportional to the root-square of dislocation density25. Lo26 
investigated the influence of dislocations on domain walls by using the magneto-mechanical hysteresis modeling 
and revealed that the dislocation pinning effect is proportional to powers of dislocation density, which is the 
underlying mechanism for increasing coercivity. As the ferrite phase fraction increases, dislocation density 
decreases, hysteresis loss decreases, and reactance decreases. The relationship between reactance and ferrite 
phase fraction follows an exponential trend, which is consistent with the pattern observed in Fig. 5.

Mechanical properties of ferrite-pearlite low alloy steel are strictly determined by the properties of ferrite and 
pearlite phases28. The ferrite phase and pearlite phase provide ductility and strength/hardness for ferrite-pearlite 
steel, respectively29,30. Jiang28 investigated the changes in strength and hardness of ferritic-pearlitic steel after 
holding at 600 °C for 30 h, 80 h, 160 h and 300 h. The fraction of the pearlite phase decreases with the increase in 
holding time. The results are shown in the Fig. 10. The trends in strength and hardness are consistent with those 
in Figs. 7 and 8. The difference in magnitude is due to the varying alloy element content in the steel used by Jiang 
Y compared to Q235/Q355. It is noteworthy that different alloy element contents will directly result in variations 
in the strength and hardness of the samples Fig. 11a.

Due to the lower dislocation density between dislocation walls, the ferrite layer exhibits greater plastic 
deformation capability compared to the cementite layer. Pearlitic structures hinder the movement of dislocations. 
As dislocations slide along the direction of shear stress, the number of dislocations accumulated at the interfaces 
increases layer by layer24. Consequently, the strength/hardness gradually increases while toughness gradually 
decreases. When the load-bearing capacity of the pearlitic structure reaches a critical value, they fractured 

Fig. 9.  (a) Toughness experimental procedure (b) SEM test diagram of Q235 fracture (c) SEM test diagram 
of Q355 fracture (d) relationship between toughness of Q235 and Q355 sample and ferritic phase fraction (e) 
relationship between toughness of Q235 and Q355 sample and inductive reactance.
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because of the supercharged stress concentration in the dislocation tangle zones. The results are consistent with 
the pattern observed in Fig. 9.

The performance of pearlite plus ferrite microstructure depends on the relative amounts of ferrite and pearlite, 
ferrite grain size, pearlite lamellar spacing and ferrite chemical composition. Empirical formulas relating these 
factors to strength are as follows
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In the formula, fα represents the volume fraction of ferrite phase, d denotes the average diameter of ferrite 
grains, s stands for the average interlamellar spacing of pearlite and Mn, N, Si indicate the mass percentages of 
manganese, nitrogen and silicon respectively. According to the formula, Fig. 11a can be derived. As the volume 
fraction of ferrite phase decreases and the pearlite phase fraction increases, the material strength increases. Mn, 
Si and N enhance the strength of the material, which also explains why Q355 exhibits higher strength than Q235 
under the same ferrite phase fraction. The exponent 1/3 in the formula indicates that the yield strength and 
tensile strength vary nonlinearly with changes in the volumes of ferrite and pearlite phases. This is consistent 
with the patterns observed in Fig. 7.

Plasticity decreases with increasing pearlite content and increases with refinement of ferrite grains. Increasing 
the volume percentage of pearlite significantly reduces the maximum uniform strain and total strain at fracture. 
In steel composed of ferrite and pearlite, the brittle-to-ductile transition temperature Td in relation to various 
microstructural factors and compositions can be expressed by the following formula:

Fig. 11.  (a) The relationship between yield strength and ferrite phase fraction (b) the relationship between 
impact energy and experimental temperature (c) the mechanism by which dislocations affect strength (d) the 
mechanism by which dislocations affect hardness (e) the mechanism by which dislocations affect toughness.

 

Fig. 10.  Variation trend in strength and elongation with treating time (a) yield strength (b) tensile strength (c) 
correlation between treating time and hardness28.
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]
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−1
2 − 133.3p

−1
2 + 3.48 × 106t

]
+ 48.7Si + 762

√
Nf � (3)

In the formula, P  represents the size of pearlite colonies, t denotes the thickness of cementite lamellae within 
pearlite and Nf  indicates the weight percentage of nitrogen in its solid solution state. According to the formula, 
Fig. 11b can be derived. It is observed that the brittle-to-ductile transition temperature increases with increasing 
pearlite content. With an increase in carbon content in steel (corresponding to an increase in pearlite content), 
the brittle-to-ductile transition temperature rises, leading to a significant decrease in impact toughness in 
the ductile state. Refining ferrite grain size and pearlite colony size, reducing silicon and carbon content are 
beneficial for toughness, whereas solid solution strengthening is detrimental to toughness. This also explains 
why Q355 exhibits higher toughness than Q235 under the same ferrite phase fraction. This is consistent with the 
patterns observed in Fig. 9.

There are numerous dislocations present in pearlite. When the sample is subjected to external stress, atoms 
in the ferrite lattice undergo slip, generating a small amount of dislocation. The high density of dislocations 
in pearlite inhibits the slip of ferrite crystal planes. Therefore, as shown in Fig. 11c, clusters of iron atoms in 
ferrite exhibit greater movement, whereas Fe3C in pearlite restrains the deformation of α-Fe, resulting in smaller 
movement distances for clusters of iron atoms. Consequently, an increase in pearlite phase fraction enhances 
the material’s resistance to deformation, leading to increased strength. Similarly, during hardness testing when 
stress is applied to ferrite, the slip of iron atom clusters in ferrite is also restrained by pearlite. Thus, as depicted 
in Fig. 11d, the role of pearlite also manifests in suppressing plastic deformation of α-Fe and enhancing hardness. 
However, the high dislocation density limits the plastic deformation capability of ferrite. Therefore, with an 
increase in pearlite proportion, the material is more prone to fracture under impact loads, exhibiting lower 
toughness, as shown in Fig. 11e.

The essence of electromagnetic signals lies in the reorientation of magnetic domains, which is influenced 
by dislocation density. Therefore, when measuring steels containing both ferrite and pearlite phases, the signal 
strength is primarily affected by pearlite, which typically exhibits high dislocation density. As the proportion 
of pearlite increases, the increase in dislocation density hinders the reorientation of magnetic domains. This 
manifests in electromagnetic signals as an increase in dislocation density with increasing pearlite content, 
showing a corresponding pattern in electromagnetic signal variation.

The changes in mechanical properties correlate with variations in dislocation density. This demonstrates 
that the variation pattern of electromagnetic signals can reflect changes in mechanical properties. This 
characterization can be refined by incorporating Eqs. (2) and (3).

On-site measured signals
On production site, the U-shaped sensor is positioned 38 mm away from the surface of the plate to ensure signal 
stability while preventing damage to the sensor during the steel plate movement.

Figure 12a shows the range of inductive signals for Q235 samples with ferrite phase fractions between 65 and 
85% in production and laboratory measurements. As the ferrite phase fraction increases, the inductive signal of 
Q235 decreases. The pattern of signal variation is consistent with the laboratory test results. The error between 
experimental signals and field signals is less than 0.0002. Figure 12b–d illustrate the ranges of strength, hardness 
and impact energy for Q235 samples with ferrite phase fractions between 65 and 85% in both production and 

Fig. 12.  On-site measured signals (a) experiment strength and prediction strength (b) experiment hardness 
and prediction hardness (c) experiment impact energy and prediction impact energy.
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laboratory measurements. The strength error is less than 18 MPa. The hardness error is less than 11 HV and 
the impact energy error is less than 6 J. Experimental results indicate that the multi-frequency electromagnetic 
characterization system can be used for real-time online detection of ferrite phase fractions in industrial 
applications.

To address the discrepancies between laboratory tests and field measurements of the U-type sensor, a software 
system was designed and correction factors K and C were applied to adjust the testing patterns. Additionally, 
vibrations occurring during the production process in the field can affect test results. These vibrations essentially 
alter the lifting distance, which should be considered when further optimizing the laboratory fitting curves.

Conclusions
This paper investigates relationships between electromagnetic response and the ferrite phase fraction. 
Relationships of ferrite phase fraction with strength, hardness and toughness of steels are also examined. A non-
destructive characterization system of real-time online characterization for steel microstructures and properties 
is developed. The system has been applied in actual steel production processes and can measure the ferrite phase 
fraction, strength, hardness and toughness of steel plates. The main conclusions are as follows:

	1.	� A multi-frequency electromagnetic technology instrument was prepared under laboratory conditions and 
measurements were conducted on Q235 and Q355 steels. The relationship curves between reactance and 
microstructure/mechanical properties were established. The results indicate that as the volume fraction of 
ferrite increases from 65 to 85%, the inductive reactance decreases from 0.2240 to 0.2195. The relationship 
curves between inductive reactance and the strength, hardness and toughness of steels were also established, 
showing that as the inductive signal increases, both strength and hardness increase, while toughness decreas-
es.

	2.	� Based on the laboratory-measured database, a multi-frequency electromagnetic technology system and 
sensors were developed and applied in actual production. A protective shell was designed for the sensors, 
making them more suitable for on-site production testing. Field test results show that the error between 
experimental and field signals is less than 0.0002. The strength error is less than 10 MPa, the hardness error 
is less than 6 HV and the impact energy error is less than 5 J.

	3.	� The pearlite phase is where the dislocation concentration. Therefore, as the volume fraction of pearlite in-
creases, the dislocation density also increases. The increase in dislocation density enhances the inductive 
reactance signal, strength and hardness, while reducing toughness.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to the confidenti-
ality agreement required by Guangxi Shenglong Metallurgical Co., Ltd. but are available from the corresponding 
author on reasonable request.
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