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Abstract: Coercivity is the strength of the reverse magnetic field required to demagnetize a material
after saturation, and it is an indication of the hardness of magnetic materials. Air gaps cause errors
in coercivity measurement referred to as the lift-off effect. This paper proposes a new method to
address this issue by incorporating additional inductance measurements and formulating a calibration
method. The calibration principle is based on the fact that both the coercivity and the inductance
measurements change with the variation of air gaps. This paper starts by finding how coercivity
changes with air gaps between the sensor and the sample, then derives the coefficients for the
coercivity—inductance relationship for different samples. A correction method is then proposed
to predict the base coercivity (i.e., the coercivity when the air gap = 0) using the inductance and
coercivity measurement results at an unknown lift-off. The measurement system was implemented,
and experimental results suggest the error caused by air gaps can be reduced from 40% to less
than 10%.
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1. Introduction

Coercivity measurements are widely used in industrial applications owing to their
ability to reflect the property and structural integrity of materials. A number of differ-
ent studies have been carried out to show that coercivity is sensitive to changes in the
microstructures of materials and could be used to indicate damage or creep inside materi-
als [1-3]. It has been reported that the coercivity of stainless steel follows the tendency of
Vickers hardness and reflects the changes in mechanical properties that appear after the
quenching process [4]. Mitra et al. [5] correlated the magnetic properties of high-carbon
steel, including coercivity and remanence, in the three different creep stages, making it
a possible technique for the non-destructive evaluation of internal damage. Based on
studies of creep stages, Qi et al. [6] proposed that coercivity can be used to reflect the
damage caused by high temperatures and estimate the remaining life of the alloy.

However, it has been observed that the precision and accuracy of coercivity measure-
ment results suffer from the presence of air gaps between the probe and the test samples
(lift-off problem) [7]. This effect is considered a critical limitation of the coercivity measure-
ment technique. The contact problem may arise due to rough contact surfaces, insulation
shields, or non-standard operations. The variation in the gap has a significant impact on
both magnetization and demagnetization processes [8]. Additionally, the effects of elec-
tromagnetic noise need to be considered to accurately determine the zero magnetization
state [9]. There are a significant number of studies that aim to eliminate or reduce the
impact of lift-off. These studies can be mainly divided into two groups: the first aims to
reduce the sensitivity of the measuring probe to air gaps [10], whereas the second takes
into account the lift-off effect on the measurement results [11].
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This paper aims to reduce the lift-off effect on measurement results. It is advisable to
consider parameters that are highly sensitive to air-gap variations during data processing,
such as magnetic induction and magnetic reluctance [12,13]. Traditional coercivity mea-
surement requires the sensor to be in close contact with the sample. However, in industrial
measurements, the sample is always protected by the insulation shield, and removing and
reinstalling the insulation shells is costly. Therefore, it would be much simpler to measure
the inductances due to the air gap using a specifically designed probe. The purpose of
this paper is to develop a model to predict coercivity by performing a single measure-
ment of coercivity and inductance with an air gap between the sample and the sensor
(i.e., with lift-off).

Focusing on the relationship between the measured coercivity and the mutual in-
ductance of the entire magnetic loop when lift-off is present (open-loop measurement),
the actual coercivity measurement of the sample can be inferred from the measurement
result with the air gap. Starting with the measurement of the variation tendency of coerciv-
ity and inductances with increasing air gaps for given samples, the relationship between
mutual inductances and coercivity is revealed. Extending this relationship to other samples,
the curve can be used to identify the base coercivity of the sample from a single coercivity
measurement at a random air gap (0-15 mm).

2. Coercivity Measurements Based on Pulse Excitation
2.1. Principle and Components

Coercivity refers to the strength of the reverse magnetic field required to demagnetize
the sample to zero after it has been magnetized to saturation. This paper is based on
a coercivity meter designed by the EM sensing group at the University of Manchester.
The coercivity meter is composed of a main instrument and a measurement probe, as
shown in Figure 1.

Figure 1. Coercivity meter.

Figure 2 shows the internal structure of the sensor probe, which is composed of
a U-shaped iron core, excitation windings, and Hall-effect sensors. With a 64 mm limb and
25 mm thickness, the U-shaped iron core provides a path for the magnetic flux, thereby
significantly reducing flux leakage. Excitation windings aim to generate a magnetic field
to magnetize the sample under testing to the saturation point. There are many magnetic
sensors designed to measure the magnetic properties of the target sample [14,15]. Hall-effect
sensors are ratiometric sensors that support large operating bands (10-1000 Gauss) [14-16]
and are suitable for reflecting changes in the magnitude and direction of magnetic fields.
The Hall-effect sensors are mounted at the tip of each limb and are in close contact with both
the iron yoke and the surface of the material under testing. The strength of the magnetic



NDT 2023, 1 37

field exerted on the sample is related to the magnitude of the current passing through
the sensor.
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Figure 2. Internal structure of the sensor probe and magnetic flux distribution.

2.2. System Description

Figure 3 depicts the magnetizing process and the position of the magnetizing stage
during the measurement process. The entire measurement process can be divided into
the magnetizing process and the coercivity measuring process. During the magnetizing
process, the tested samples are subjected to the hysteresis loop.
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Figure 3. Coercivity meter’s magnetizing process.

The measurement process starts by triggering the high-voltage excitation module
and conducting high-level voltage up to 350 V to the excitation winding, causing a pulse
excitation that magnetizes the sample to reach saturation point 2. As the voltage output of
Hall sensors reaches its maximum value, the excitation module is turned off, and the
demagnetizing module is sequentially activated. The demagnetizing current applies
an opposite polarity magnetic field to the sample, demagnetizing it to saturation point 3.
The whole process takes 3.5 s, and it is applicable to all materials. Once the pulse excitation
current is switched off, the external applied magnetic field returns to zero, causing the
tested sample to return to retentivity point 4. After the magnetizing process is complete,
the coercivity measuring process begins.
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The coercivity measuring process aims to magnetize samples to a coercivity point and
subsequently measures the current passing through the winding to determine the coercivity.
During the measuring process, the material is forced to oscillate in close proximity to the
coercivity point, switching between magnetizing and demagnetizing modes and essentially
moving around a very small minor loop. This is implemented by applying a DC-biased
small AC current to the excitation winding based on Hall sensor feedback. The sensor
output remains non-zero until the sample reaches the coercivity point. The non-zero
output will be sent to the Hall sensor monitor and used to select the module conducted to
the windings, as shown in the internal structure in Figure 4. Once the output difference
becomes zero at the coercivity point, the coercivity is inferred from the DC component of
the current flowing through the windings.

Hall Sensors
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‘ Module Selection ’ Tested Sample
Controllable \I Airgap
Demagnetizing = > _ Hall-effect %
Current — @ Sensors
0o - - — e
—® = ] N =
Controllable High o O+ — 3 : ——
Voltage Excitation B PN Excitation // -
b Windings

—C

; Current Measurement

U-shape Iron Core

Coercivity Measurement Unit

Figure 4. Internal modules of the coercivity meter.

3. Methodology
3.1. Inductance Measurement

The inductance of the given sample with increasing air gaps is measured using a mul-
tichannel instrument with a designed sensor. The measurement is achieved by sequentially
selecting the coil pairs, and each channel can be used as an EM excitation source, detection,
or both. The instrument is capable of 16 channels multiplexing excitation and receiving
synchronized signals during the measurement process.

The sensor is constructed of a U-shaped magnetic yoke and two identical windings.
The yellow winding provides excitation, whereas the orange winding measures voltage.
In this way, channel 1 and channel 16 are selected as the excitation and receiving channels.
The multichannel instrument is employed to measure the inductance of the measurement
loop consisting of the probe, air gap, and the tested sample at 1 kHz, 200 kHz, and 500 kHz.
The measurement setup is shown in Figure 5.

Multichannel Channel 1
Instrument

Channel 16

Figure 5. Inductance measurement setup.

When comparing the measurement results at 1 kHz, 200 kHz, and 500 kHz, it was
observed that there was a significant fluctuation in the inductance measured at 1 kHz.
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To minimize the measurement error, the mean measured inductance for sample A (coercivity
equal to 4.8 A/cm) was calculated and is shown on the right side of Figure 6. As for 200 kHz
and 500 kHz, the measured inductance for a single lift-off remained at a relatively stable
level. Moreover, the inductances for different lift-offs exhibited noticeable distinctions
at 200 and 500 kHz. To further determine the most suitable frequency, the measured
inductance was used to plot the three-order polynomial curve, as explained in Section 3.2, it
is evident that the inductance measured at 500 kHz offers a more precise fit. The goodness
of the fitness curve of different frequencies are listed in Table 1. One possible reason for
this observation is that the inductance measurements conducted in the lower frequency
range are more sensitive to EM properties associated with the material composition of the
U-shaped core and the sample under testing [17].
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Figure 6. Measured inductances and fitting curves for sample A at frequencies of 1, 200, and 500 kHz.

Table 1. Goodness of fit for Figure 6.

Fit Curve 1kHz 200 kHz 500 kHz
Sum-of-squares error 0.0418 0.0078 0.0028
Root-mean-square error (RMSE) 0.0511 0.0220 0.0132
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3.2. Relationship Extrapolation

Samples A and B are high-carbon steels, with a carbon composition of 0.6-0.8%.
Sample C is A2 tool steel, with a carbon composition of around 0.95%. The coercivity
measurements were taken across a range of lift-offs from 0 to 15 mm using the coercivity
meter mentioned in Section 2.1. The sizes and coercivities of the samples are shown
in Table 2.

Table 2. Sizes and coercivities of the tested samples.

Test Sample Sample A Sample B Sample C
Coercivity (A/cm) 4.8 7.2 56.0
Size (mm X mm X mm) 80 x 25 x 8 81 x25x8 81 x 27 x 8

The three-order polynomial curve is the most suitable fitting curve for all three samples,
as indicated by the red lines in Figure 7. The fitting precision is acceptable and the goodness
of fitness curves are listed in Table 3. The functional representation of the inductance-
coercivity fitting curve is expressed using Equation (1):

HY =al®+bL* +cL+d (1)

where H" represents the measured coercivity with lift-off; L represents inductances for
different air gaps; and g, b, ¢, and d are constant coefficients. The coefficients of samples A,
B, and C are listed in Table 4.

Table 3. Goodness of fit for Figure 7.

Fit Curve Sample A Sample B Sample C
Sum-of-squares error 0.0028 0.0061 0.2383
Root-mean-square error (RMSE) 0.0132 0.0195 0.1220
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Figure 7. Variation of coercivity with increasing inductances.
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Table 4. Coefficients for samples A, B, and C.

Coefficients a b C d
Sample A —3.268 x 107 2.077 x 10° —4.425 x 10* 3.203 x 10?
Sample B —5.857 x 107 3.792 x 10° —8.226 x 10* 6.048 x 107
Sample C —6.171 x 108 3.948 x 107 —8.433 x 10° 6.069 x 103

In order to build a coercivity prediction model for different carbon steels, the three-
order polynomial relationship between coercivity and the inductances was assumed to
be applicable to all materials. Since the coefficients of the polynomial were found to be
related to the coercivity of the material, it was possible to calculate the coefficients in terms
of coercivity and extrapolate the coercivity-inductance relationship to other samples. The
steps of the modeling are shown in Figure 8.

Measured Inductance Measured

l Coercivity

Relation Between Coefficients
a,b,c,d and Coercivity

Building Model Coercivity Prediction

Figure 8. Flowchart of coercivity prediction procedure.

To simplify the model, we assumed that coefficients a, b, ¢, and d were independent
and closely associated with the coercivity of materials. After evaluating various fitting rela-
tionships, the coefficients were found to be proportional to coercivity, as shown in Figure 9.
The plot displays the coefficients a, b, ¢, and d for samples A, B, and C. The coefficients
have a clear linear relationship with coercivity, as indicated by the fitted curves.
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Figure 9. Fit curves and measured points for coefficients a, b, ¢, and d.
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This finding enabled the computation of the coefficients for the predicted coercivity.
The linear equations for coefficients a , b, c, and d are:

a=K,Hc + R, 2)
b =K,Hc + R, ®3)
c=K.Hc + R, 4
d =K ;Hc + Ry )

where K;, K, K¢, and Kj; are the coefficients for the primary term; H, represents the base
coercivity of the sample; and R;, Ry, R, and Ry are the constant terms of the equation.
By combining Equations (2)—(5) with Equation (1), the measured coercivity H;, becomes:

H! = a(H.)L3, + b(Hc)L3, + c(He) Ly, + d(He) (6)

Ly, denotes the measured inductance of the sample. With the result of a single mea-

surement, the solution for the predicted base coercivity Hp is
H = HI" - R

P KoLy + KpL2, + KLy + Ky

@)

where R denotes the constant terms calculated using the measured inductance, which can
be expressed as
R = R,L3 + RyL% + R.Ly + Ry (8)

4. Coercivity Correction

In this section, the coercivity of an unknown test sample is deduced when there exists
an air gap between the probe and the sample surface.

To verify the accuracy of the prediction model, three different new samples (D, E, and
F, as shown in Table 5) were employed.

Table 5. Samples and prediction errors.

Test Sample Sample D Sample E Sample F
Coercivity (A/cm) 7.5 58.9 15.6
Mean Predicted Coercivity (A/cm) 7.93 58.01 16.38
Mean Prediction Error 5.17% 2.66% 5.01%
Max Prediction Error 9.33% 7.47% 9.62%

The inductance and coercivity of samples D, E, and F were measured with air gaps
ranging from 0 to 15 mm, and the predicted coercivity is shown in Figure 10. As the
lift-off increased, the measured coercivity decreased, as expected. The predicted coercivity
effectively corrected this deviated coercivity, resulting in successful compensation with
a relatively small error (max. prediction error less than 10%).
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Coercivity Prediction for Sample F
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Figure 10. Measurements and predicted results for samples D, E, and F.

The small error that persists between the predicted and actual coercivity results may
be due to the nature of the non-linear correlation between the inductances and air gaps,
particularly for lift-offs exceeding 10 mm, which can lead to prediction errors.

Figure 11 depicts the extent to which the prediction deviated from the actual coercivity.
The mean and max. prediction values were calculated, as shown in Table 5. The majority
of the predicted values exhibited a small deviation from the base coercivity, with a mean
prediction error of less than 6%. Thus, the model can be considered relatively accurate,
with a maximum error rate of less than 10%.
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Prediction Error For Sample E
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Figure 11. Deviations between the predicted and actual coercivity values for samples D, E, and F.

5. Conclusions

This paper developed a straightforward model for predicting the coercivities of sam-
ples while considering the lift-off effect. The predictions were made using the coercivity
measurement results of the samples and the inductances of the excitation coil. The results
of this study indicate that the inductance—coercivity relationship curve is a three-order
polynomial, and the coefficients are directly proportional to the coercivity of the material,
enabling the extrapolation of the coefficients based on the predicted coercivity value. The
performance of the model was validated and assessed using three different samples, and
the outcomes clearly show that the model succeeded in predicting the coercivity of samples,
with an error rate of less than 10%. However, this research was based on a limited number
of samples, and the samples were mainly high-carbon steels with different coercivities,
which limited the prediction accuracy of the model. Additionally, the performance of the
prediction model still needs to be evaluated using other magnetic materials. More samples
of different materials will be used to further improve the performance of the model.
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