
Citation: Wang, B.; Zhang, S.; Wang,

J.; Jing, L.; Mao, F. A Novel Magnetic

Flux Leakage Method Incorporating

TMR Sensors for Detecting Zinc Dross

Defects on the Surface of Hot-Dip

Galvanized Sheets. Magnetochemistry

2024, 10, 101. https://doi.org/

10.3390/magnetochemistry10120101

Academic Editor: Evangelos

Hristoforou

Received: 9 November 2024

Revised: 7 December 2024

Accepted: 9 December 2024

Published: 10 December 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

A Novel Magnetic Flux Leakage Method Incorporating TMR
Sensors for Detecting Zinc Dross Defects on the Surface of
Hot-Dip Galvanized Sheets
Bo Wang 1,* , San Zhang 2, Jie Wang 3, Liqin Jing 1 and Feilong Mao 1

1 Department of Mechanical and Electrical, Yuncheng University, Yuncheng 044000, China
2 School of Automation, Xi’an University of Posts & Telecommunications, Xi’an 710121, China
3 Metallurgical Technology Institute, Central Iron and Steel Research Institute, Beijing 100081, China
* Correspondence: wangbo199027@126.com

Abstract: Surface quality control of hot-dip galvanized sheets is a critical research topic in the
metallurgical industry. Zinc dross, the most common surface defect in the hot-dip galvanizing
process, significantly affects the sheet’s service performance. In this manuscript, a novel magnetic
flux leakage (MFL) detection method was proposed to detect zinc dross defects on the surface
of hot-dip galvanized steel sheets. Instead of using exciting coils in traditional methods, a tiny
permanent magnet with a millimeter magnitude was employed to reduce the size and weight of the
equipment. Additionally, a high-precision tunnel magnetoresistance (TMR) sensor with a sensitivity
of 300 mV/V/Oe was selected to achieve higher detection accuracy. The experimental setup was
established, and the x-axis direction (sample movement direction) was determined as the best
measurement axis by vector analysis through experiments and numerical simulation. The detection
results indicate that this novel MFL detection method could detect industrial zinc dross with an
equivalent size of 400 µm, with high signal repeatability and signal-to-noise ratio. In the range of
0–1200 mm/s, the detection speed has almost no effect on the measurement signal, which indicates
that this novel method has higher adaptability to various conditions. The multi-path scanning
method with a single probe was used to simulate the array measurement to detect a rectangular
area of 30 × 60 mm. Ten zinc dross defects were detected across eight measurement paths with
4 mm intervals, and the positions of these zinc dross defects were successfully reconstructed. The
research results indicate that this novel MFL detection method is simple and feasible. Furthermore,
the implementation of array measurements provides valuable guidance for subsequent in-depth
research and potential industrial applications in the future.

Keywords: magnetic flux leakage; hot-dip galvanized sheet; zinc dross; array measurement; tunnel
magnetoresistance sensor

1. Introduction

In steel materials, hot-dip galvanized sheets [1–3] have been widely used in sectors
such as lightweight automotive, light industry, home appliances, and agriculture [4] due to
their high strength, corrosion resistance, and formability. These sheets play an increasingly
important role in modern economic and social development, permeating many aspects
of daily life. With advancements in steel industry technology, downstream industries
like home appliances and automotive manufacturing have become more stringent in their
requirements for the surface quality of hot-dip galvanized sheets. The level of inclusions on
the surface of these sheets greatly impacts their performance in engineering applications.

During the production process of hot-dip galvanized sheets, zinc dross defects [5–7]
are difficult to avoid in the coating layer. It is a non-ferromagnetic Zn–Fe compound and
appears as irregular granular inclusions or blocks on the surface of the sheet. The primary
sources of zinc dross include the carryover of zinc ash from furnace residue, accumulation
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of bottom and suspended dross, and surface dross adhesion. Additionally, factors such as
fluctuations in zinc pot temperature, incomplete dross removal, overuse of the submerged
roll, and excessive aluminum content may contribute to the formation of zinc dross. Most
zinc dross is brought during the galvanizing process and becomes flattened under rolling
pressure, significantly affecting surface quality. Detecting and controlling zinc dross defects
during the galvanizing process have become valuable research topics in the metallurgical
industry. At present, the detection of zinc dross defects on galvanized sheet surfaces
primarily relies on visual inspection, which has gone through three major stages: manual
visual inspection, traditional photoelectric detection, and machine vision [8]. Manual visual
inspection identifies defects by eye, but it suffers from low sampling rates, limited accuracy,
poor real-time performance, low efficiency, and high labor intensity, making it feasible
only in a few scenarios. The development of machine vision inspection has been driven by
advancements in image processing and analysis algorithms. However, each algorithm has
its own advantages/disadvantages and application conditions despite continuous updates.
Improving algorithm efficiency, accuracy, real-time performance, and adaptability remains
a key area for advancement.

Magnetic flux leakage (MFL) detection [9–17] is a traditional non-destructive testing
method primarily used in detecting defects in ferromagnetic materials like oil pipelines,
where it is commonly known as the “pipeline pig” [10–12]. This method typically involves
sensors detecting the leakage field caused by surface defects that interrupt the material’s
continuity, thereby identifying defect size and location. Recently, MFL detection has been
widely adopted for its non-contact nature, high sensitivity, and low cost, as well as its ability
to detect small defects [12]. Traditional MFL methods often use coil-type excitation magnets,
which provide adjustable magnetic fields but tend to be large and heavy. Magnetic sensors,
usually Hall elements or induction coils, have limited detection accuracy.

In this study, an improved MFL detection method was proposed based on the tradi-
tional method. A small permanent magnet with a millimeter scale was employed to replace
the coil excitation used in traditional methods, significantly reducing the device’s size
and weight. High-precision tunnel magnetoresistance (TMR) sensors with a sensitivity of
300 mV/V/Oe were used to enhance detection accuracy. This novel MFL detection method
was applied to detecting zinc dross defects on hot-dip galvanized sheet surfaces, with
a focus on detection performance and defect location reconstruction, aiming to provide
technical support for further improvements in the surface quality of galvanized sheets.

2. Novel Magnetic Flux Leakage Detection Method
2.1. Basic Principle

The basic principle of the novel MFL detection method is illustrated in Figure 1. The
ferromagnetic specimen is magnetized by an adjacent permanent magnet. If the specimen
has no defects, the magnetic flux generated by the external magnetic field remains confined
within the specimen, with smooth and undisturbed flux lines. However, if the specimen
contains defects, the magnetic permeability in the defect area is much lower than that of
the ferromagnetic specimen, which causes a sharp increase in magnetic resistance at the
defect area. As a result, the magnetic flux lines in the defect area become distorted, the
magnetic field direction changes, and magnetic poles form, creating a leakage magnetic
field over the defect region. Numerical simulations in Figure 2 also verify this principle. By
using a magnetic-sensitive sensor to detect the MFL field, the corresponding signal can be
obtained, and analyzing this signal reveals information about the defect.
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2.2. Tunnel Magnetoresistance (TMR) Sensor

Magnetic sensors are widely used in modern industry and electronic products. In
order of emergence, a magnetic sensor mainly includes the differential coil [18], hall
sensor [19], anisotropic magnetoresistance (AMR) [20], giant magnetoresistance (GMR) [21],
magneto optical (MO) sensors [22], and tunnel magnetoresistance (TMR) sensors [23]. Each
sensor has its own advantages and disadvantages. For example, Hall sensors achieve
high output sensitivity by using flux concentrator structures to amplify the magnetic field,
which increases the sensor’s size and weight. Hall sensors also suffer from high power
consumption and poor linearity. AMR sensors have improved sensitivity than Hall sensors
but have a narrower linear range. Additionally, AMR sensors require preset/reset coils,
which add complexity, size, and power consumption. GMR sensors have higher sensitivity
than Hall sensors but have limited linear ranges.

Developed based on the tunnel magnetoresistance effect [24], TMR sensors are more
sensitive and have recently begun to be used in industrial applications. TMR sensors have a
higher rate of resistance change than AMR and GMR sensors. Compared to Hall, AMR, and
GMR sensors, TMR sensors exhibit better temperature stability, linearity, higher sensitivity,
lower power consumption, a wider linear range, and do not require AMR’s additional
preset/reset coils. It is reported [23] that TMR sensors surpass traditional magnetic sensors in
sensitivity and linear operating range. Table 1 summarizes a comparison of typical technical
parameters of various magnetic sensors, clearly showing the advantages of TMR sensors.

The high-precision TMR sensor (model TMR9001, provided by Multidimensional
Technology Co., Ltd, Suzhou, China.) used in this study features a unique push–pull
Wheatstone full-bridge structure with four highly sensitive TMR elements. It is pack-
aged in SOP8 format (6 mm × 5 mm × 1.5 mm). The TMR9001 sensor is single-axis
sensitive, with sensitivity up to 300 mV/V/Oe and typical background noise as low as
150 pT/

√
(Hz) at 1 Hz. Additionally, the TMR9001 offers ultra-low power consumption,

excellent temperature stability, very low hysteresis, and a wide operating voltage range.
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It also eliminates the need for preset or reset pulse circuits, simplifying the measurement
process and enhancing reliability.

Table 1. Comparison of technical parameters for various magnetic sensors [25].

Technology Power
Consumption (mA) Size (mm) Sensitivity

(mV/V/Oe)
Operating Range

(Oe)
Resolution

(mOe)
Temperature

Characteristics (◦C)

Hall 5~20 1 × 1 0.05 1~1000 500 <150
AMR 1~10 1 × 1 1 0.001~10 0.1 <150
GMR 1~10 2 × 2 3 0.1~30 2 <150
TMR 0.001~0.01 0.5 × 0.5 20 0.001~200 0.1 <200

3. Detection of Zinc Dross in Hot-Dip Galvanized Sheets
3.1. Hot-Dip Galvanized Sheet Specimens

A hot-dip galvanized sheet specimen provided by a steel company is shown in Figure 3,
with the black circles indicating visible clusters of point-like inclusions. The thickness of
this model of hot-dip galvanized sheet is 0.8 mm, with a carbon steel layer serving as a
ferromagnetic material, while the 7 µm thick high-purity zinc coating is conductive but
non-ferromagnetic. Irregularly shaped point-like zinc dross inclusions are present in the
coating, as indicated by the black circles in Figure 3.

Magnetochemistry 2024, 10, x FOR PEER REVIEW 4 of 13 
 

 

Table 1. Comparison of technical parameters for various magnetic sensors [25]. 

Technology 
Power Con-

sumption (mA) Size (mm) 
Sensitivity 
(mV/V/Oe) 

Operating 
Range (Oe) 

Resolution 
(mOe) 

Temperature 
Characteristics 

(°C) 
Hall 5~20 1 × 1 0.05 1~1000 500 <150 
AMR 1~10 1 × 1 1 0.001~10 0.1 <150 
GMR 1~10 2 × 2 3 0.1~30 2 <150 
TMR 0.001~0.01 0.5 × 0.5 20 0.001~200 0.1 <200 

The high-precision TMR sensor (model TMR9001, provided by Multidimensional 
Technology Co., Ltd, Suzhou, China.) used in this study features a unique push–pull 
Wheatstone full-bridge structure with four highly sensitive TMR elements. It is packaged 
in SOP8 format (6 mm × 5 mm × 1.5 mm). The TMR9001 sensor is single-axis sensitive, 
with sensitivity up to 300 mV/V/Oe and typical background noise as low as 150 pT/√(Hz) 
at 1 Hz. Additionally, the TMR9001 offers ultra-low power consumption, excellent tem-
perature stability, very low hysteresis, and a wide operating voltage range. It also elimi-
nates the need for preset or reset pulse circuits, simplifying the measurement process and 
enhancing reliability. 

3. Detection of Zinc Dross in Hot-Dip Galvanized Sheets 
3.1. Hot-Dip Galvanized Sheet Specimens 

A hot-dip galvanized sheet specimen provided by a steel company is shown in Figure 
3, with the black circles indicating visible clusters of point-like inclusions. The thickness 
of this model of hot-dip galvanized sheet is 0.8 mm, with a carbon steel layer serving as a 
ferromagnetic material, while the 7 μm thick high-purity zinc coating is conductive but 
non-ferromagnetic. Irregularly shaped point-like zinc dross inclusions are present in the 
coating, as indicated by the black circles in Figure 3. 

 
Figure 3. Hot-dip galvanized sheet specimen. 

In this study, three zinc dross defects marked in Figure 3 were selected as measure-
ment targets, numbered defects 1, 2, and 3. Electron microscope images of three defects 
are shown in Figure 4. It can be observed that the zinc dross in the coating is clustered in 
an irregular pattern. By comparing with standard sizes, the equivalent sizes of the inclu-
sions in the three specimens are approximately 396 μm, 405 μm, and 385 μm, respectively. 

Figure 3. Hot-dip galvanized sheet specimen.

In this study, three zinc dross defects marked in Figure 3 were selected as measurement
targets, numbered defects 1, 2, and 3. Electron microscope images of three defects are shown
in Figure 4. It can be observed that the zinc dross in the coating is clustered in an irregular
pattern. By comparing with standard sizes, the equivalent sizes of the inclusions in the
three specimens are approximately 396 µm, 405 µm, and 385 µm, respectively.
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3.2. Experimental Setup
3.2.1. Measurement Device

The measurement device used in this study is shown in Figure 5. It uses a 2 mm cubic
permanent magnet as the excitation field, and the high-precision TMR sensor described
in Section 2.2 is positioned directly under the permanent magnet. The testing process is
as follows: first, the specimen is fixed on a translation stage, and a level gauge is used to
adjust the stage to ensure that the specimen is aclinic, reducing the influence of surface
irregularity of the specimen on measurement. Next, the sensor is placed directly above the
specimen, and the distance between the sensor and the specimen’s surface is set to 0.3 mm.
The translation stage is then controlled to move at a constant speed of 4.8 mm/s. Finally,
the marked inclusion area passes through the magnetic-sensitive area of the permanent
magnet, and the measurement signal is captured and recorded using a digital oscilloscope
(MDO3022, Tektronix, Shanghai, China).
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3.2.2. Selection of Measurement Axis

Due to the vector characteristics of the leakage magnetic field, vector analysis was
conducted on the detection of zinc dross in hot-dip galvanized sheets using both experimental
measurements and numerical simulation to achieve better detection results. The numerical
model is shown in Figure 6, with parameters matching those of the experiment. The origin of
the coordinate system is located at the geometric center of the rectangular ferromagnetic steel
sheet, and the specimen moves in the x-axis direction. The steel sheet has a relative magnetic
permeability µr = 4000, relative permittivity C = 1, and conductivity σ = 1.12 × 107 S/m.
In the experimental measurements, Specimen 1 from Figure 4 was used as the object of
measurement and analysis. Since the TMR9001 sensor is single-axis sensitive, the sensor
was rotated 90◦ to measure the MFL signals in three directions. Experimental and simulated
vector measurement results are shown in Figure 7.

In the experimental results in Figure 7a, MFL signals were detected in all three axis
directions. The signals in the x and y directions resemble sinusoidal waves, while the z-axis
signal shows a negative pulse shape. The signal amplitudes in the x and z directions are
similar, both at least an order of magnitude larger than in the y direction. The numerical
simulation results in Figure 7b match the experimental signal characteristics and ampli-
tudes, confirming the reliability of the experimental measurements. The numerical model
assumes ideal symmetry, so the changes of physical quantities in the y-axis (perpendicular
to the motion direction) are theoretically symmetrical and cancel out, producing no MFL
signal. However, slight asymmetries in the model’s mesh division cause minor variations
on either side of the defect, resulting in a small y-axis signal, as shown in Figure 7b. The
presence of a y-axis MFL signal in the experimental measurements is attributed to the
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irregular morphology of the zinc dross, which breaks the symmetry in the y-axis. Based on
the experimental and numerical simulation results in Figure 7, the leakage magnetic field
in the x-axis (specimen movement direction) is selected as the measurement target in the
present study, with subsequent measurement signals representing the Bx component of the
leakage magnetic field.
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3.3. Measurement Results and Analysis

The measurement results for the three zinc dross defect measurement points are shown
in Figure 8. Each measurement point was measured in two opposite translation directions.
From Figure 8, it is clear that the measurement signal caused by the inclusion particles is
very distinct, showing an approximately sinusoidal pulse characteristic, consistent with the
TMR magnetoresistance sensor’s signal characteristics. The signals in opposite directions
are mirror images, exhibiting near-symmetrical distribution, indicating good repeatability.
This suggests that the novel MFL detection method proposed in this study can be applied
to detect inclusions and defects in ferromagnetic materials, such as hot-dip galvanized
sheets. It is worth noting that there are certain fluctuations in the baseline background
before and after the signal caused by the inclusion particles. This is due to the specimen’s
surface unevenness. TMR sensor is highly sensitive to the surface flatness of the specimen.
Therefore, future studies and industrial applications should aim to reduce interference
from surface irregularities in order to minimize background noise signals.
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Figure 8. Measuring results of galvanized sheet specimen: (a) defect 1; (b) defect 2; and (c) defect 3.

In traditional MFL methods, the speed of the detection device or specimen can impact
the measurement results [26]. This study also explored the effect of specimen detection
speed on the detection signal. The amplitude of the magnetic leakage signal ∆V was
selected to indicate signal variation. The results are shown in Figure 9. It is evident that
within a speed range of 0–1200 mm/s, detection speed has no significant impact on the
detection signal; the signal amplitude ∆V remains nearly consistent at different speeds.
This is because, under the low-speed conditions in this study, the magnetic Reynolds
number [27] Rm = µ0σuL << 1, meaning that the secondary magnetic field generated
by induction is negligible, and the magnetic leakage field primarily originates from the
magnetization field induced by the permanent magnet. This result suggests that the novel
MFL detection method is nearly unaffected by detection speed in industrial applications,
allowing it to better adapt to various working conditions.
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3.4. Exploration of Array Measurement

In modern industrial technology, measurements are often no longer focused on a
single path or small area. As industrial production capabilities expand, larger areas need
to be measured, and single-sensor applications are increasingly limited. With the rapid
development of measurement technology, array sensors have emerged to handle rapid,
large-area measurement tasks, especially in industries requiring online, in-situ, real-time
measurement. This study also conducted an initial exploration of array measurement.
As shown in Figure 10, the approach of scanning the specimen with a single probe in an
S-shaped path to simulate array measurement was involved. The red arrows indicate the
direction of each scan path. The scanning area is a rectangular region of 30 × 60 mm. A
total of eight scan paths with 4 mm intervals are produced. The first and eighth paths are
1 mm from the edges of the scan area, and the sensor’s movement speed is 4.8 mm/s.
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Figure 10. Schematic diagram of area scanning paths using a single sensor.

Using the scanning method illustrated in Figure 10, the measurement signals within
the scan area were obtained, as shown in Figure 11. Measurement signals from each pair of
adjacent paths are plotted together, with detected signal features numbered sequentially in
the order of appearance. On path 1, two distinct inclusion signals appear, and the signal
amplitude of defect ➀ was significantly smaller than ➁. No significant signal features
appear on path 2. Path 3 shows a signal feature at the end of the scan, and path 4 displays
two signal features with different amplitudes in the middle region. Path 5 lacks significant
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signal features, path 6 shows a distinct signal feature in the central region, path 7 exhibits a
prominent signal feature at the start of the scan, and path 8 shows three distinct signals with
decreasing amplitudes. Baseline fluctuations on all eight paths are due to the specimen’s
surface unevenness.
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Through the analysis of each of the eight scan paths with a single probe, a total of
10 zinc dross defects were detected in the 30 × 60 mm rectangular measurement area.
Based on the detection speed and the time at which the characteristic signals appeared,
the exact positions of the zinc dross defects along each path can be calculated, thereby
completing the position inversion of the zinc dross defects, as shown in Figure 12. Therefore,
the use of array sensors allows for precise localization of inclusion defects, playing a
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crucial role in monitoring inclusions in industrial production. In future work, by further
controlling experimental conditions and establishing a quantitative relationship between
the measurement signal and the size of inclusion defects, it will be possible to obtain size
information for the defects, which is highly beneficial for industrial practice.
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Figure 12. Reappearance of zinc dross in a galvanized sheet.

In industrial practice, although scanning back and forth with a single probe can
achieve array-type surface scanning, it is time-consuming and inefficient and unable to
meet the requirements for online, in-situ, real-time monitoring in thin plate production
lines. A feasible solution is to implement multi-sensor array measurements, as shown
in Figure 13. The spacing between adjacent sensors should be set to avoid overlap or
interference in the excitation magnetic fields. Additionally, to prevent missed detections
caused by large gaps between sensors, two or even multiple rows of measurement sensors
can be arranged in a staggered configuration. Placing this arrangement on a hot-dip
galvanized sheet production line can achieve online, in-situ, real-time monitoring of zinc
dross defects without interfering with the production process. This will be a key direction
in future research.
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4. Conclusions

In this manuscript, a novel MFL detection method is proposed to detect the zinc dross
defects on the surface of a hot-dip galvanized sheet. A tiny permanent magnet with a
millimeter size as a replacement for the coil excitation used in traditional methods. A
high-precision tunnel magnetoresistance (TMR) sensor with a sensitivity of 300 mV/V/Oe
was selected, enabling high detection accuracy with a compact and lightweight measure-
ment device. The experimental setup was developed, and the x-axis direction (specimen
movement direction) was selected as the optimal measurement axis using experimental and
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numerical analysis. A series of measurements, including single and multi-path scanning,
were conducted to verify the reliability of the measurement method.

In summary, the MFL detection method proposed in this work could quickly and
accurately measure the zinc slag defects on the surface of hot-dip galvanized steel sheets.
Compared to traditional methods, it significantly reduces the size and weight of the de-
tection device while markedly improving detection accuracy. Research results indicate
that this novel MFL detection method is simple and feasible. It is hoped that the research
will provide robust technical support for improving the surface quality and service per-
formance of hot-dip galvanized steel sheets. Futural research will focus on the potential
industrial application.
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