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This paper presents a specially developed system for measuring the magnetic properties of boiler 
steel based on a U-shaped yoke. The novelty of this system lies in the unique combination of two main 
features: (1) a compensation method for accurately measuring iron loss and (2) the implementation of 
ultra-high-temperature measurement conditions. Firstly, a small measurement coil is used to measure 
the leakage magnetic flux. By subtracting the leakage magnetic flux from the measurement result, 
precise local magnetic flux compensation is accomplished. And an iron-loss algorithm is then employed 
to eliminate the influence of the U-shaped yoke. Secondly, a magnetic property measurement method 
capable of operating at temperatures up to 630 °C is proposed. The specific total loss (Ps) is 34.398 W/
kg, and the amplitude permeability (Ua) reaches 102.04. The influence of the gap between the sample 
and the U-shaped yoke is preliminarily validated by a simulation model. This measurement system 
represents the first successful attempt to provide stable and physically accurate results, addressing the 
requirements for the in-situ detection of material degradation of boiler steel in special equipment.
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Boiler steel is commonly used in the manufacture of materials for superheaters, main steam pipelines, and 
heating surfaces of boiler combustion chambers. These components operate under extreme conditions, including 
temperatures of up to 600 °C and high-pressure environments. As a result, boiler steel must possess outstanding 
physical properties to meet the stringent safety requirements in use1. The reason for measuring the magnetic 
properties of boiler steel lies in the fact that the material’s performance undergoes changes after initial use and 
prolonged exposure to high temperatures and pressures. By examining these changes from a magnetic property 
perspective, we can assess whether the material has degraded, thereby evaluating the reliability of the boiler. This 
method represents an exploration of non-destructive measurement techniques. At the same time, how to test 
the properties online without shutdown the machine is the current urgent demand for related measurements.

Current research has explored the measurement of the hysteresis loop and the Barkhausen effect of boiler 
steel2. Historically, due to international and domestic research requirements for the measurement of amplitude 
permeability (Ua) and specific total loss (Ps), commonly used AC magnetic property measuring instruments 
for steel have been employed. In 1987, the National Institute of Metrology in China established a magnetic 
verification standard for electrical steel at ambient temperature using the volt-ampere method, with the 
conditions of (40–400) Hz. Additionally, a verification device for soft magnetic materials at normal temperature 
was developed, operating under conditions of (20–400) kHz and (10–200) °C3. In recent years, universities in 
Japan and France have respectively established magnetic property measurement devices for electrical steel at 
low temperatures (− 196–20) °C and high temperatures (20–600) °C, respectively4,5. These devices are widely 
used for hysteresis loop measurement. However, they rely on relatively complex and cumbersome hardware, 
particularly for materials with high-temperature requirements such as boiler steel, and it is difficult to accurately 
control the temperature6. Furthermore, to measure the AC magnetic properties, these methods not only require 
a closed magnetic circuit structure during measurement but also necessitate winding the excitation coil and 
measurement coil around the sample. This further complicates the measurement of magnetic properties for 
boiler steel used in high-temperature pressure-bearing special equipment7,8.

This paper used the U-shaped yoke measurement method, which overcomes the current problem of difficulty 
in online testing the properties of boiler steel and has developed a measurement system under high-temperature 
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conditions (20–630) °C. It innovatively studied the magnetic properties of the amplitude permeability Ua and 
specific total loss Ps of boiler steel and established a high-temperature magnetic parameter accurate measurement 
system for boiler steel based on the U-shaped yoke9. This measurement method is an innovative adaptation 
of existing technologies, specifically designed for the measurement of boiler steel under high-temperature 
conditions. Although the concept of the U-shaped magnetic yoke was not first proposed by us, the exploration 
of applying it to the non-destructive measurement of boiler steel at high temperatures, as well as the related 
compensation techniques, are our original contributions.

This paper introduced the system composition, and took the boiler steel P91 materials (national standard 
10Cr9Mo1VNbN) as an example. Through the “wide temperature range” measurement of magnetic parameters 
such as amplitude permeability and specific total loss, the magnetic field strength H and magnetic flux density 
B necessary for the hysteresis loop were described in detail. The H measurement coil was used to measure the 
magnetic field strength of the sample. Using the Ampere’s circuital law10,11, the effective magnetic path length 
of the sample was obtained. The Rogowski-Chattock potentiometer (RCP)12 was used for the leakage magnetic 
flux between the pole heads of the magnetic yoke. The magnetic flux of the sample was obtained by subtracting 
the leakage magnetic flux from the total magnetic flux measured by the B measurement coil. In the ideal state 
where there is no gap between the magnetic yoke and the sample, no leakage flux occurs. Conversely, when a 
gap exists between them, leakage flux comes into being. Such leakage flux can cause the measurement results 
of the magnetic flux density to be distorted. In the practical application scenarios of magnetic property testing 
for boiler steel13,14, this distortion leads to inaccurate characterization of magnetic properties. By compensating 
for the leakage flux, we ensure that the measured magnetic field can accurately reflect the intrinsic properties 
of the boiler steel sample itself. The challenge of accurately measuring the hysteresis loop using this method has 
been successfully addressed, and the stability and physical accuracy of the results have been verified. This study 
achieves precise quantification of the dynamic magnetization curve of boiler steel based on the U-shaped yoke. 
For the first time, a comprehensive magnetic parameter dataset of commonly used high-temperature pressure-
bearing special equipment materials in the wide temperature range of (20–630)  °C has been established, 
Additionally, a high-temperature magnetic property measurement method for boiler steel has been developed.

Methods
System structure
The high-temperature magnetic property measurement system for boiler steel based on the U-shaped yoke 
includes a control unit, a magnetic parameter sample, an excitation mechanism, and a plate high-temperature 
atmosphere furnace. Figure 1 below shows that the control unit consists of a touch screen, an arbitrary waveform 
generator, a power amplification module, a multi-channel data acquisition module, etc., and completes the full-
parameter measurement of dynamic magnetic properties.

The control unit is connected to the upper computer via the network and is tested by the upper computer 
software. The selected frequency was 50  Hz, and the target magnetic field strength H was determined. The 
end face of the U-shaped yoke pole head was closely attached to the surface of the sample to be tested to form 
a closed magnetic circuit. The end face of the H measurement coil and the bottom end face of the RCP were 
closely attached to the surface of the sample to be tested. Enter the sample size and material information in the 
software, set the frequency used, different voltage, current and temperature values, click start measurement, 
then we get the hysteresis loop, magnetization curve, permeability curve and loss curve. This unit controls the 
excitation voltage through real-time feedback technology to ensure the sinusoidal nature and stable value of the 
magnetic flux waveform15,16. In magnetic parameter measurement, by using waveform analysis and feedback, 
the waveform factor is used to represent the waveform distortion degree. The output voltage waveform of the 
excitation power supply is changed, and the digital waveform feedback performs digital harmonic analysis on 
the induced voltage17. The output voltage waveform of the excitation power supply is further adjusted, and the 
iterative method is employed to make the magnetic flux waveform sinusoidal.

Fig. 1. Schematic diagram of high temperature magnetic property measurement system.
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Measurement principle
To realize the online measurement of the magnetic properties of boiler steel. The specific method of our experiment 
is as follows, temperature is accurately measured using a thermocouple whose furnace setting temperature is 
equal to the sample, using a Fluke F51-2 thermocouple thermometer. Different from the ordinary U-shaped 
yoke for measuring magnetic parameters in the past, the magnetic yoke in this paper has been structurally 
improved and packaged. The temperature of the U-shaped magnetic yoke is accurately measured using a PT 
(platinum) PT100 temperature sensor. The excitation coil and the measurement coil (primary winding and 
secondary winding) are both directly wound on the U-shaped yoke using 100-turn high-temperature glass fiber 
woven silver-plated wire.

The H measurement coil is used to measure the magnetic field strength inside the sample. An arched coil 
is employed to minimize temperature variations and is cooled by air. The voltage of the H measurement coil is 
collected, and the peak value of the magnetic field strength is calculated through the voltage rectified average 
value, the coil turn area, and the frequency. The peak excitation current is also collected, and combined with the 
peak value of the magnetic field strength obtained by the measurement small coil, the effective magnetic circuit 
length can be obtained. See Eqs. (1) and (2). At the same time, the excitation current and the induced voltage 
are collected to calculate the power consumption of the entire closed loop. This power minus the power of the 
magnetic yoke can obtain the power consumption of the sample. Dividing this power by the effective mass of the 
sample obtains the specific total loss.

In the space enclosed by the U-shaped yoke and the magnetic parameter sample, because there is a gap 
between the pole head of the magnetic yoke and the sample, leakage magnetic flux will be generated outside the 
sample. The system uses a self-made Rogowski-Chattock potentiometer (RCP) to measure the lost magnetic flux. 
According to Faraday’s law of electromagnetic induction, when the magnetic flux passing through a closed loop 
changes, an induced electromotive force is generated in the loop. The RCP measures the induced electromotive 
force and performs an integration operation on it to obtain the change in magnetic flux. The number of turns of 
the RCP is equal to that of the B measurement coil and is reversely connected in series to obtain the secondary 
induced voltage. The secondary induced voltage is numerically integrated to obtain the magnetic flux, and the 
magnetic flux divided by the cross-sectional area of the sample obtains the magnetic flux density of the sample. 
See Eqs. (3)–(7).

According to the ampere loop theorem and the magnetic induction theorem, the magnetic field H and 
magnetic flux density B are calculated with the following formula:

 
H = N1I

l
 (1)

 
V = dΦ

dt
= N2S

dB

dt
 (2)

where N1 is the number of turns in primary winding, N2 is the number of turns in secondary winding, l is the 
effective magnetic path length, and S is the cross-sectional area of the sample.

According to Faraday’s law, the magnetic flux density B is usually measured by the voltage V generated by the 
secondary winding N2:

 Φ = Φleak + Φsample (3)

 
Vleak = −N2

dΦleak

dt
 (4)

 
Φleak = − 1

N2

∫
Vleakdt (5)

where Φ is the total magnetic flux, Φleak is the leakage magnetic flux, Φsample is the sample magnetic flux, 
and Vleak is the voltage measured for the leakage magnetic flux part, N2 is turns of coil.

 
Φsample = − 1

N2

∫
V dt + 1

N2

∫
Vleakdt = BSampleSsample (6)

 
BSample = 1

N2Ssample

∫
(Vleak − V )dt (7)

where V is the secondary winding voltage, BSample is the magnetic flux density of sample.
The specific total loss Ps, refers to the energy consumed by a magnetic material per unit mass (or unit volume) 

in an alternating magnetic field. It reflects the extent to which the magnetic material converts electrical energy 
into heat energy and dissipates it within an alternating magnetic field environment. The specific total loss is one 
of the crucial indicators for evaluating the performance of magnetic materials.

 
Pm = f

∮
HdB (8)

where Pm is the volumetric specific total loss (W/m3), f is the magnetization frequency.
The expression for the mass-based specific total loss Ps is:

Scientific Reports |        (2025) 15:15253 3| https://doi.org/10.1038/s41598-025-99520-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


 
Ps = f

d

∮
HdB (9)

where d is the density of the sample.
In AC magnetic measurements, the measurement of specific total loss is converted into a measurement of 

electric power

 
Ps = N1Pc

N2me
 (10)

where Pc is the power of the current winding in series in the excitation circuit and the voltage circuit in parallel 
with the secondary winding (with the power meter secondary circuit loss deducted), and me is the effective mass 
which can be calculated by multiplying the effective magnetic path length, cross-sectional area and density.

The amplitude permeability Ua refers to the ratio of the amplitude of magnetic flux density to the amplitude 
of magnetic field strength in a magnetic material within an alternating magnetic field at a specific magnetic field 
amplitude. It depicts the magnetic material’s response capacity to the magnetic field under the influence of an 
alternating magnetic field, that is, the degree of difficulty in magnetizing the material. Amplitude permeability 
is a crucial parameter.

 
Ua = Bm

Hm
 (11)

where Bm is the amplitude of the alternating magnetic flux density, Hm is the amplitude of the alternating 
magnetic field strength.

Simulation model
The working principle was verified using a simulation model. A model was established through the multi-
physics field interface. It showed that the magnetic flux density is different and made the contact part between 
the sample and the U-shaped yoke in a nearly saturated magnetization state of the material. Figure 2 shows that 
the magnetic flux density of the sample decreased with the increase in the initial gap distance from the sample 
surface to the U-shaped yoke. Figure 3 shows that the saturated magnetization state of the material depended 
on the initial gap distance between the sample and the U-shaped yoke, which echoes the previously measured 
results. The increase in temperature thickened the oxide layer of the sample, affecting the high-temperature 
stability of the specific total loss and amplitude permeability.

By comparing the simulation results with experimental data and analyzing their discrepancies, the following 
conclusions were drawn. When the distance between the U-shaped yoke and the sample was 0.2  mm, the 
simulated magnetic flux density in the sample was 1.49  T, while the experimental result was 1.54  T. When 
the distance was reduced to 0.1  mm, the simulated magnetic flux density was 1.52  T, and the experimental 
result was 1.56 T. The analysis revealed that the observed discrepancies (2–3%) were primarily attributed to the 

Fig. 2. The results of the magnetic flux density of the sample as it varies with the initial gap distance from the 
sample surface to the U-shaped yoke. (a) 0.2 mm gap, (b) 0.1 mm gap.
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complexity of the system’s integrated circuits and the electromagnetic interference (EMI) in high-speed digital 
signal processing chips, which are challenging to fully account for in simulations.

Results
First, the magnetic properties at ambient temperature were measured, including the hysteresis loop, magnetization 
curve, permeability curve, and loss curve. The magnetization frequency Fmag = 50 Hz. For a P91 material sample 
with a diameter of 100 mm and a thickness of 10 mm, the end-face of the U-shaped yoke poles, the end-face of 
the small measurement coil, and the bottom end of the RCP were placed in close contact with the sample surface 
to form a connected magnetic circuit.

Figure 4 illustrates the advantages of the proposed precise local magnetic field compensation method. The 
boiler steel P91 material was measured at a magnetization frequency of 50 Hz. Figure 4a, b shows that when 
the applied magnetic field was increased, the hysteresis loops in different colors indicated that the shapes of the 
measured hysteresis loops gradually expanded, and there were no intersecting or overlapping curves. Hysteresis 
loops with the tips of the AC loops tending to be sharp as the AC amplitude magnetic field strength continuously 
increases18. And the result of (c), (d) and (e) shows that the P91 material had excellent saturation magnetic flux 
density and permeability, which could achieve high magnetic flux density and energy conversion efficiency. 
Figure 4 shows that measurement results before and after the proposed precise local magnetic field compensation. 
It could be seen that the specific total loss value changed more smoothly, and the amplitude permeability had a 
similar shape and lower value before and after compensation, which showed the compensation effect.

Figure 5a shows that the remanence and coercivity gradually decrease from 20 to 630 °C. The area enclosed 
by the hysteresis loop gradually narrows, and the remanence and coercivity gradually decrease. According to 
electromagnetism theory, during a complete magnetization cycle, the hysteresis loss in ferromagnetic materials 
is proportional to the area enclosed by the hysteresis loop. This is because the area enclosed by the hysteresis 
loop represents the energy consumed per unit volume of ferromagnetic material due to the irreversible 
rotation of magnetic domains and the irreversible orientation of magnetic moments during magnetization and 
demagnetization. This part of the energy is dissipated in the form of heat, resulting in the specific total loss. See 
Eqs. (8)–(10). The specific data can be seen in Table 1. Figure 5b shows that amplitude permeability at the same 
magnetic field changes regularly with decreasing temperature (First increases and then decreases). As shown in 
Eq. (11). The illustration showed that during actual measurement, under the same voltage condition, for example, 
at 2.7 V, the amplitude permeability first increased and then decreased. Meanwhile, it presented a regular change 
where the higher the temperature, the lower the amplitude permeability. Above 400 °C, due to the oxidation of 
the high-temperature sample, the gap between the magnetic yoke and the sample leads to the instability of the 
measurement curve, which also indicates the role of the local magnetic field compensation method in accurate 
measurement under high-temperature conditions. The sub-figures showed the actual measurements using the 
variable voltage method, while the main plot illustrated the calculation of magnetic field and magnetic flux 
density based on magnetic angles. The pattern observed in the main plot and the subplot was closely related to 
the conclusion we have drawn regarding the reliability of the amplitude permeability measurement method. The 
same principle applies to the following figures.

With the increase in temperature, the specific total loss gradually decreases, and the amplitude permeability 
first gradually increases and then gradually decreases. Until 630 °C, the specific total loss reaches 34.398 W/

Fig. 3. When the initial distance between the surface layer of the sample and the U-shaped yoke is 0.1 mm, (a) 
Streamline of the magnetic flux density and magnetic flux in the cutting plane parallel to the upper surface of 
the plate, with a view in the X–Y direction; (b) The view in the Y–Z direction.
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kg, and the amplitude permeability reaches 102.04. As presented in Table 1. This is due to the magnetic 
properties determined by the P91 material. P91 is an improved 9Cr1Mo martensitic heat-resistant steel, and its 
electromagnetic performance is extremely high.

It should be noted that in order to accurately measure the specific total loss. This part used the temperature 
experiment calculation (specific total loss and amplitude permeability) of the U-shaped yoke to judge the 
influence. Figure 6 showed the regular attenuation of the specific total loss of the U-shaped yoke with temperature, 
and the amplitude permeability first increased and then decreased. When the maximum temperature was set to 

Fig. 5. (a) The area enclosed by the hysteresis loops of the P91 material gradually narrows as the temperature 
rises. (b) The trend of the amplitude permeability under the same voltage condition, and the regular change 
that the amplitude permeability at 2.7 V becomes lower as the temperature increases of sub-figures.

 

Fig. 4. (a) Measurement results after precise local magnetic field compensation. Sub-figure shows condition 
with compensation; (b) Schematic diagrams of the measurement results before precise local magnetic field 
compensation. Sub-figure shows condition without compensation; (c) Magnetization curve; (d) Permeability 
curve; (e) Loss curve.
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Fig. 6. Influence factors for the experimental calculation of the yoke temperature. (a) Hysteresis loops of the 
U-shaped yoke varies with temperature. (b) Set the temperature interval of the high-temperature furnace to be 
10 °C. (c) Regular changes of the amplitude permeability with temperature. (d) Regular changes of the specific 
total loss with temperature (The sub-figure shows the analysis through electrical parameters when the abscissa 
is voltage).

 

T (°C) Freq (Hz) Uavg (V) Hm (A/m) Bm (mT) Ua (rel) Ps (W/kg) Ss (W/kg)

20 50 2.7 5240.0 1.3495 204.94 58.031 132.18

50 50 2.7 5218.5 1.3493 205.76 56.325 130.33

100 50 2.7 5180.5 1.3494 207.28 54.028 128.20

150 50 2.7 5152.9 1.3492 208.36 51.873 126.63

200 50 2.7 5188.4 1.3493 206.94 49.765 126.23

250 50 2.7 5534.5 1.3493 194.01 48.072 134.46

300 50 2.7 5449.2 1.3488 196.97 47.265 133.17

350 50 2.7 5535.1 1.3487 193.91 45.561 135.43

400 50 2.7 5641.2 1.3484 190.21 46.282 142.32

450 50 2.7 6108.1 1.3467 175.46 42.973 155.40

500 50 2.7 6402.4 1.3475 167.49 45.979 164.14

550 50 2.7 7250.0 1.3445 147.58 37.782 186.69

600 50 2.7 8448.0 1.3476 126.94 39.202 217.82

630 50 2.7 10,509 1.3476 102.04 34.398 280.91

Table 1. Variation of magnetic performance parameters of P91 with temperature.
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280 °C (this is the highest temperature that the U-shaped yoke can reach during the 630 °C high-temperature 
experiment), the specific total loss could reach 9.250 W/kg.

Figure 7 shows that the difference between the actual specific total loss and the loss before compensation of 
the P91 material is 0.08%, which minimized the influence of the specific total loss of the U-shaped yoke.

Discussion
This paper constructed an ultra-high-temperature magnetic parameter accurate measurement system. Through 
the “wide temperature range” measurement of the magnetic parameters such as the amplitude permeability and 
specific total loss of the boiler steel P91 material, the compensation method using the structurally optimized 
U-shaped yoke principle was described in detail. The experimental results at an ultra-high temperature of 630 °C 
demonstrated that the specific total loss (Ps) was 34.398 W/kg, and the amplitude permeability (Ua) reached 
102.04. The small measurement coil and the self-made RCP were used to obtain the true magnetic field strength 
and magnetic flux density of the sample. The influence of the U-shaped yoke was eliminated. The system obtained 
the measurement parameters at an ultra-high temperature of 630 °C, and the gap principle was verified using 
a simulation model in the later stage. The system analyzed and solved the problem of accurate measurement of 
boiler steel under online and high-temperature conditions.

Conclusion
In this paper, a high-temperature magnetic property measurement system specifically designed for boiler steel 
was developed based on a constructed U-shaped yoke. The compensation method utilizing the principle of 
the structurally optimized U-shaped yoke was described in detail. By employing the H measurement coil and 
the self-made RCP, the true magnetic field strength and magnetic flux density of the sample were obtained, 
effectively eliminating the influence of the U-shaped yoke The air-gap principle was verified using a simulation 
model, highlighting the importance of accurate measurement. This study successfully addressed the challenge of 
measuring magnetic parameters at an ultra-high temperature of 630 °C, fulfilling the requirements of relevant 
stakeholders. This system represents an exploratory effort in non-destructive measurement of boiler steel under 
high-temperature conditions. In the subsequent stage, the measurement system will be validated through 
comparisons with various related instruments and further refined into a standard metering instrument, with 
the aim of not only filling the voids in current standard devices and methodologies but also promoting more 

Fig. 7. Differences in the specific total loss of P91 material. (a) Original equivalent specific total loss. (b) 
Actual specific total loss (The sub-figure shows the analysis through electrical parameters when the abscissa is 
voltage). (c) Specific schematic diagram of the compensation method.
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accurate material evaluation, better boiler design, and enhanced industrial safety and efficiency, thus driving the 
progress of the entire field.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable 
request.
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