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cal method for measuring
magnetic flux density

Haiying Dong,ab Xin Li,ab Xinhe Xuab and Zhanpeng Lu *ab

A magneto-electrochemical method is designed and validated for measuring magnetic flux density. This

method is based on the correlation of the change of open circuit potential to the flux density of an

applied magnetic field. Electrochemical systems with iron in ferric solutions are selected for

demonstrating the validity of the proposed methods. Magnetic flux density can be measured with this

method by voltmeter without using a Tesla meter.
1. Introduction

Magnetism has been studied and explored for a long time.1–3 In
1600, Gilbert's book “De Magnete” initiated magnetism as
a scientic academic eld. In the early 19th century, a series of
milestone discoveries led to the formation of the modern
magnetic theory. In the 1860s, Maxwell integrated the equations
of classical electricity and magnetism to Maxwell's equations,
and developed Maxwell's electromagnetic eld theory that
unied electrical, magnetic, and optical theories. From the
concepts of physics, the eld that transfers the magnetic force
between objects is considered as the denition of the magnetic
eld. Magnetic elds are reected in all aspects of the world and
life, and have been found in various applications such as large-
scale entertainment and leisure equipment, traffic workpieces,
aerospace workpieces, medical equipment and other under-
takings.4 Magnetic ux density (MFD, represented by symbol B)
is one of the important parameters for the quantitative char-
acterization of magnetic eld. The measurement of MFD is
crucial for scientic research and engineering applications.
There are many physical-based methods for measuring MFD,
such as the rotating and vibrating coils and the uxmetric
method including ux meter coils, the ux-ball, the ballistic
galvanometer, and electronic integratiors.5,6 The measurements
of magnetic ux density (MFD) are based on some principles
such as Faraday's law of electromagnetic induction, Hall effect,
magnetoresistance effect, magnetic resonance, magneto-optic
Kerr effect, magnetostrictive effect, magnetic quantum
tunneling effect, and superconductivity effect.5 Based on these
theories and methods, many devices and equipment have been
developed to measure MFD.

Representing all instruments for measuring MFD, magne-
tometers can be divided into two main types, one type for time-
als Science and Engineering, Shanghai
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independent magnetic eld such as constant magnetic eld
and the other type for time-dependent magnetic eld such as
alternating magnetic eld. According to the principles,
magnetometers for constant magnetic eld7–11 include uxgate
magnetometer, Hall sensor, anisotropic magneto-resistive
sensor (AMR), giant magneto impedance (GMI), nuclear
magnetic resonance eld meter, etc. Magnetometers for
measuring alternating magnetic eld12–16 include the super-
conducting quantum interference device (SQUID), induction
coil magnetometer, etc. These magnetometers mentioned above
have their advantages and some limitations.

Fluxgate magnetometer is designed based on the Faraday's
law of electromagnetic induction and has the characteristics of
simple, small, low power consumption, high sensitivity with the
target magnetic eld ranging from 1 pT to 10 nT. Generally, the
volume of uxgate magnetometer is large and its response speed
is slow. Fluxgate magnetometer is suitable for measuring
constant magnetic eld or slowly changing weak magnetic eld.
It has been widely used for industrial detection, geomagnetic
measurement, navigation system, military engineering.17,18 Hall
sensor is small and has fast response speed but has low
sensitivity.19–22 AMR has the advantages of noncontact operation,
easymaintenance, and robustness to contamination23,24 and they
aremuchmore sensitive than any semiconductor sensor,25which
is usually used to measure MFD of 0.2 mT to 2.5 mT. SQUID uses
the principle of Josephson effect to measure the magnetic eld.
SQUID has been used for measuring alternating magnetic eld
with high sensitivity via its response to the change of MFD.
SQUID has been widely used in scanning SQUID microscopy,
medical diagnostics and quantum computing.26–28

These methods for measurement of magnetic ux density
require Gauss meter, thus it is more complex for measuring the
MFD than potential. If there is method to measure the MFD by
potentiometer, it will make the measurement for MFD more
convenient and can be applied to more elds.

The electrochemical parameters in the electrochemical
system are inuenced by the magnetic eld and a lot of research
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
has been studied widely before, likely the open circuit potential
of iron or other metals in aqueous solutions would shi under
magnetic eld.29–35 Due to the modulation of magnetic eld on
electrode kinetics, mass transport, and deposition morphol-
ogies, its effects on electrochemical reactions have been
formulated by ve external forces acting on active substances,
namely magnetic gradient force, Lorentz force, paramagnetic
force, magnetic damping force and electrokinetic shear stress.35

Among them, magnetohydrodynamic (MHD) effect36–39 and
magnetic eld gradient force effect (MFGF)36,40,41 have been used
to interpret themechanism of the inuence of magnetic eld on
electrochemical behaviors of corrodible metals in aqueous
solutions. Some electrochemical parameters of a specic elec-
trochemical system will be affected by the MFD and these
effects are related to MFD. For instance, Lu et al. studied the
relationship of themagnetic eld with the open circuit potential
as well as the cathodic diffusion current and gave relevant
electrochemical kinetics explanations.32 These works enlighten
us on the possibility of obtaining a standard curve by designing
a suitable system and measuring the changes of specic elec-
trochemical parameters to MFD of the applied magnetic elds.
Then, the unknown MFD can be obtained by the measured
changes of the electrochemical parameter based on the stan-
dard curves.

Based on the magneto-electrochemical theory and the
previous experimental investigation on the effect of magnetic
eld on corrosion behavior of iron in various corrosive
solutions,29–33 an electrochemical method is designed and
Fig. 1 The roadmap for measuring the MFD.

© 2023 The Author(s). Published by the Royal Society of Chemistry
validated here for measuring MFD by correlating the change of
open circuit potential to the magnitude of MFD, which is
denes as DEMFD, as shown in eqn (1). The motivation of this
design is to establish a novel and convenient method to
measure magnetic ux density using a voltmeter instead of
a Tesla meter. This method is inspired by the previous research
results on the magnetic eld effect on electrochemical corro-
sion: the open circuit potential of iron in the solutions con-
taining ionic cathodic depolarizers shis signicantly in the
noble direction aer the application of magnetic eld, and the
value of the potential shi increases with the increase of
magnetic ux density. According to the reverse thinking, if the
correlation standard curve between the potential shi of iron
and the magnetic ux density of the applied magnetic eld is
established, then the numerical value of the magnetic ux
density can be determined by measuring the change of the open
circuit potential of iron caused by any magnetic ux density.
This test does not require magnetic measurements, and only
potential measurements are necessary.

DEMFD = Ecorr,MFD − Ecorr,0T (1)

where Ecorr,0T represents the open circuit potential under 0 T
and Ecorr,MFD under a specic MFD.

The schematic diagram is shown in Fig. 1. During the elec-
trochemical test, the electrochemical sample and the magnetic
eld are placed vertically and horizontally respectively. The
direction of MFD is parallel to the working surface of sample.
The values of DEMFD aer applying magnetic eld at various ux
RSC Adv., 2023, 13, 8794–8802 | 8795
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densities are recorded, and the DEMFD vs. B standard curves can
be established. According to these standard curves, a specic
MFD can be measured by its corresponding DEMFD. The objec-
tive of this work is to establish the standard relationship curve
between the magnetic ux density and the change of open
circuit potential induced by magnetic eld for the working
electrode in specic solutions, represented by B = f(DEMFD)
function. The value of an unknown magnetic ux density B can
be determined by putting the measured DEMFD into the stan-
dard B = f(DEMFD) curve. Various standard B = f(DEMFD) curves
are obtained for validating the proposed method in this work.
In Fig. 1, the electrochemical workstation used in this work is
simply used here as a voltmeter with high input resistance and
data-log system for measuring and recording the open circuit
potential and its response to the magnetic eld of various ux
densities. According to the developed method, MFD can be
quantitatively measured simply by a voltmeter.

2. Experimental methods

The electrochemical tests were carried out in a two-electrode
electrochemical system consisting of working electrode and
reference electrode. The reference electrode was saturated
calomel electrode (SCE) and the working electrode was indus-
trial pure iron with a purity of 99.5%. The working surface was
circular with 5 mm in diameter and exposed to the test solu-
tions. Other non-working surfaces are sealed with epoxy resin
insulators. The working electrode surface was at rst ground
with abrasive paper up to 1500 # grit and ne-polished with
metallographic sandpaper of W5, then rinsed in ethanol and
acetone in turn before the electrochemical measurements. The
iron-working electrode surface was placed vertically. The
magnetic eld generated by an electromagnet was placed hor-
izontally. The direction of magnetic ux density was parallel to
the working electrode surface. The magnetic ux intensities
were adjusted to 0.02 T, 0.05 T, 0.1 T, 0.2 T, 0.3 T, 0.4 T and 0.5 T.
The test solutions were Xmol L−1 Fe2(SO4)3 solutions (X = 0.04,
0.08, 0.12, 0.16) and Y mol L−1 FeCl3 solutions (Y = 0.08, 0.16,
0.24, 0.32) prepared with analytical grade Fe2(SO4)3 or FeCl3 as
the sources of ferric ions as well as deionized water. The
approach proposed in this work for measuring magnetic ux
density is based on the shi of the open circuit potential of the
working electrode as the response to the applied magnetic eld,
according to the mixed potential theory in the fundamental
electrode kinetics.42 The principle of designing the working
electrode/solution system is: the rate-determining step for the
anodic reaction on the working electrode should be electron-
transfer step, and the rate of the cathodic reaction on the
working electrode should be purely or partly controlled bymass-
transport step. Under these conditions, applying a magnetic
eld would modify the mass transport of the cathodic depo-
larizers from the bulk solution to the electrode interface
therefore change the cathodic reaction rate. The open circuit
potential would shi aer applying magnetic eld, and the
magnitude of this shi is dependent on the magnetic ux
density. By establishing the calibration equation correlating the
shi of open circuit potential to the magnetic ux density, the
8796 | RSC Adv., 2023, 13, 8794–8802
unknown magnetic ux density can be determined by the
measurement of the shi of open circuit potential. Any corro-
sion system with the anodic reaction rate determined by elec-
tron transfer step as well as the cathodic reaction rate partly or
fully determined by mass transport step of ionic depolarizers
can be used for achieving the objective of this manuscript.
Electrochemical systems with iron in solutions with ferric ions
such as FeCl3 and Fe2(SO4)3 in the solutions or in the solutions
with dichromate ions14,15 have been found to meet the above
requirements.

The working electrode was initially immersed in a Fe2(SO4)3 or
FeCl3 solution containing ferric ions as depolarizers. The
magnetic eld was imposed quickly aer the open circuit
potential reached a steady or quasi-steady value under 0 T, and
then observing and recording the change of open circuit poten-
tial due to the magnetic eld. The magnetic eld was applied to
the electrochemical system at various magnetic ux densities via
a stepwise ascending mode. The open circuit potential was
recorded and the steady state or quasi-steady state under each
MFD was used in constructing the B–DEMFD diagram.

According to the measured open circuit potential under
various MFD, B (logarithmic scale) vs. DEMFD (X-axis) curve was
generated and linearly tted. DEMFD is expressed by eqn (1).
According to the standard curves by linear tting, the value of
MFD can be determined according to the change of open circuit
potential by magnetic eld, as represented by DEMFD.
3. Results
3.1 The open circuit potential under various MFDs

The values of Ecorr for iron in Fe2(SO4)3 and FeCl3 solutions with
or without magnetic elds were obtained and summarized in
Fig. 2 and 3. Under 0 T, Ecorr became stable aer a period of
immersion in Fe2(SO4)3 and FeCl3 solutions. The time required
for the working electrode to reach a steady state or quasi-steady
state was shorter with increasing Fe3+ concentration under 0 T.
The transient change of Ecorr aer imposing the magnetic eld
could be seen from the recorded Ecorr vs. time curves. Ecorr
shied to the noble direction quickly aer applying the
magnetic eld, decreased subsequently, and nally reached
a steady or quasi-steady value. The response of Ecorr to magnetic
eld was very rapid. The change of Ecorr induced by magnetic
eld increased with increasing MFD.
3.2 DEMFD induced by various MFDs

B vs. DEMFD curves are summarized in Fig. 4 and 5. In the range
of MFD from 0.02 T to 0.5 T, the change of Ecorr increases with
the increase of MFD in Fe2(SO4)3 or FeCl3 solutions. The
increasing amplitude of the change of Ecorr induced by
magnetic eld shows a trend of rst increasing and then
decreasing. For each solution in this paper, the increasing
amplitude of Ecorr induced by magnetic eld of 0.2 T was the
biggest. The response of Ecorr to magnetic eld was more
obvious with the increase of magnetic eld. Whether in
Fe2(SO4)3 or FeCl3 solutions, the change of Ecorr was more
sensitive to the MFD in low concentration solution.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The values of Ecorr for iron in (a) 0.04, (b) 0.08, (c) 0.12, (d) 0.16 mol per L Fe2(SO4)3 solutions under various MFDs.
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3.3 Cathodic polarization curves under 0 T and 0.4 T

The cathodic polarization curves for iron in Fe2(SO4)3 and FeCl3
solutions are summarized in Fig. 6. The cathode current density
© 2023 The Author(s). Published by the Royal Society of Chemistry
platform with diffusion control characteristics appears in the
solution with lower ferric ions of 0.08 mol L−1. And the diffu-
sion control characteristics also appear in the solution with
RSC Adv., 2023, 13, 8794–8802 | 8797
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Fig. 3 The values of Ecorr for iron in (a) 0.08, (b) 0.16, (c) 0.24, (d) 0.32 mol per L FeCl3 solutions under various MFDs.
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other ferric ions concentration, but the current density platform
is not obvious. Under 0 T or 0.4 T, the limiting current density
for iron in a Fe2(SO4)3 solution was lower than that in the FeCl3
solution for the same nominal ferric ion concentration of
8798 | RSC Adv., 2023, 13, 8794–8802
0.08 mol L−1, as shown in Fig. 6a. Similar trends were found in
other solutions of other nominal ferric concentrations under
0 T. The enhancement factor of cathodic limiting current
density by magnetic eld is expressed by eqn (2). For the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 DEMFD vs. B curves for iron in Fe2(SO4)3 solutions with various
concentrations.

Fig. 5 DEMFD vs. B curves for iron in FeCl3 solutions with various
concentrations.
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nominal ferric concentration of 0.08 mol L−1, there are dMFD =

1.67 in 0.08 mol per L FeCl3 solution and dMFD = 1.83 in
0.04 mol per L Fe2(SO4)3 solution, and similar trends were
observed in solutions with other nominal concentrations of
ferric ions.

dMFD ¼ i*L
�
iL (2)

where iL represents the limiting cathodic current density under
0 T and i*L under magnetic eld.
4. Discussion

As schematically shown in Fig. 1, for iron in ferric sulfate or
ferric chloride solutions, it is assumed that the rate of anodic
reaction rate is completely controlled by the charge-transfer
step (ETS), the variation of anodic reaction induced by
magnetic eld can be ignored. Then the effect of magnetic eld
on Ecorr would be dependent only on the type of rate controlling
step for the cathodic reaction under the open circuit state.

If the cathodic reaction rate under the open circuit state is
absolutely controlled by ETS, DEMFD can be expressed by eqn
© 2023 The Author(s). Published by the Royal Society of Chemistry
(3). ic@ia1 is used to represent the coupling of the cathodic
reaction line ic and anodic reaction ia1. Other combinations of
cathodic and anodic reactions follow this denition.

(DEMFD)ic@ia1
= 0 (3)

If the cathodic reaction rate is absolutely controlled by mass
transport step (MTS), DEMFD can be expressed by eqn (4).

ðDEMFDÞic@ia3
¼ baln

�
i*L
iL

�
(4)

where ba is the Tafel slope (in natural logarithm scale) for the
anodic reaction.

If charge-transfer step ETS and mass transport step MTS
both participate in controlling the cathodic reaction rate, which
is dened as mixed type control, which is dened as mixed type
control, then analytical form of DEMFD would not be simple. By
considering eqn (3) and (4), there is,

0\ðDEMFDÞic@ia2
\baln

�
i*L
iL

�
(5)

The form of i*L would be complex. If taking the proposed
formulation by Aaboubi et al.39 for the limiting current density,
there are i*LfCmb and i*LfCmc; where mb and mc are constants.
Linear (DEMFD)ic@ia3 vs. log B relationship is expected, as sche-
matically shown in Fig. 1. It is not intended to solve (DEMFD)ic@ia2

analytically here, while the approximate form of (DEMFD)ic@ia2

can be deduced to be close to (DEMFD)ic@ia3. Based on these
theories, the measured Ecorr or DEMFD data as function of B are
analyzed by linear t of the experimental data in Fig. 4 and 5.
The tting results of for B vs. DEMFD curves (exclude the rst
point) are summarized in Fig. 7 and 8, exhibiting quasi-linear
relationship between log B and DEMFD for all the experimental
data by excluding the rst point at B = 0.02 T. The relationship
can be expressed by:

logB = m × EMFD + n (6)

wherem and n are constant for a certain solution system, which
would change with the type of the solution as well as the
concentration of the reactive species. DEMFD is in mV.

The rst point clearly deviates from the log B vs.DEMFD linear
line obtained by the tting formula. In other words, this
method of measuring the MFD by electrochemical method is
feasible when the magnetic eld strength is greater than 0.05 T
in this paper. The goodness of t in terms of R for various data
sets are also summarized in Fig. 7 and 8. The values of R from
the tted data without the rst point are higher than 0.98,
showing the validity of the tting relationship. The deviation
between the experimental data at low B and the tted linear line
log B − DEMFD would come from the fundamental electrode
kinetics at a “micro-magnetic polarisation”, somehow similar to
the micro-weak-strong polarization theory in the fundamentals
of electrochemistry. For the same concentration of Fe3+, R is
higher for Fe2(SO4)3 solution than that in FeCl3 solution.
Whether in Fe2(SO4)3 or FeCl3 solutions, m increases with the
RSC Adv., 2023, 13, 8794–8802 | 8799
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Fig. 6 Cathodic polarization curve for iron in FeCl3 and Fe2(SO4)3 solutions with various ferric ion concentrations. (a) 0.08 mol per L Fe3+; (b)
0.16 mol per L Fe3+; (c) 0.24 mol per L Fe3+; (d) 0.32 mol per L Fe3+.
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increases of Fe3+ concentration, indicating that DEMFD is more
sensitive to B if the concentration of Fe3+ is low in the solution.
For the same concentration of Fe3+, m is lower in Fe2(SO4)3
solution than in FeCl3 solution. If the cathodic reaction rate is
fully controlled by mass transport step at open circuit potential,
for the solution with the same nominal concentration of ferric
ions, the limiting cathodic current is not the same and the i*L=iL
ratio is different. Assuming that the open circuit state is mainly
8800 | RSC Adv., 2023, 13, 8794–8802
determined by the cathodic reaction rate in various solutions,
according to eqn (4), DEMFD increases with increasing i*L=iL
ratio. For the electrochemical systems with the cathodic reac-
tion rate controlled by both the mass transport step and the
electron transfer step, the value of DEMFD is lower than the
calculated value by eqn (4), while the dependence of DEMFD on
the type of solution or the ferric concentration is consistent with
eqn (4). DEMFD in FeCl3 solution is less than that in the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07154a


Fig. 7 Fitting results for B (logarithmic scale) vs. DEMFD curve for iron in
Fe2(SO4)3 solutions with various ferric ion concentrations.

Fig. 8 Fitting results for B (logarithmic scale) vs.DEMFD curve for iron in
FeCl3 solutions with various ferric ion concentrations.
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Fe2(SO4)3 solution, and the slope m is higher in FeCl3 solution
than in Fe2(SO4)3 solution if the ferric ion concentration is the
same.

Based on the experimental data in Fig. 2–5, the parameters in
the tting equation, eqn (5), can be obtained. Then, the
unknown magnetic ux density in the range of 0.05 T to 0.5 T
can be obtained by the suggested method through the
measurement of DEMFD. It is noted that the parameters for
tting are related to the type of solution and the concentration
of the reactive species. For the measurement systems with iron
in Fe2(SO4)3 solutions in the present work, 1 mV increase of
DEMFD corresponds to 16–20% increase of B, namely, 1.6–2.0%
increase of B would be able to be indicated by 0.1 mV increase of
DEMFD. For iron in FeCl3 solutions in the present work, 1 mV
increase of DEMFD corresponds to 22–28% increase of B, namely,
2.2–2.8% increase of B would be able to be detected by 0.1 mV
increase of DEMFD.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Conclusions

A novel electrochemical method has been developed for
measuring magnetic ux density, as an alternative way of
magnetic measurements without using tesla meter.

(1) The change of open circuit potential for iron in Fe2(SO4)3
or FeCl3 solutions induced by magnetic eld can be used to
determine the magnetic ux density.

(2) The linear relationship for log B vs. DEMFD has been used
in the tting equation for the standard curves. The electro-
chemical method has been validated for measuring the
magnetic ux density in the range from 0.05 T to 0.5 T in this
work.

(3) The tting parameters for the standard curve are related
to the type of solution as well as the concentration.

(4) About 2% change of magnetic ux density in the range of
0.05 T to 0.5 T can be detected by the proposed electrochemical
methods, supposing that the conguration of the system
remains to be the same for the measurement conditions.
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