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In-operando analysis of the corrosion patterns and rates under
magnetic fields using metallic film
Cirlei Igreja Nascimento Mitre 1, Giancarlo Tosin 2 and Luiz Alberto Colnago 3✉

Magnets, or electromagnets, are common components in everyday appliances and are widely used in medicine, industries,
transportation, and electrical power systems. It is known that the magnetic field (B) can mitigate or aggravate metallic corrosion;
however, this apparent contradictory effect is still not fully understood. In this study, we demonstrate a simple method to monitor
in-operando the effect of permanent magnets (B) on corrosion processes using metallic film (copper clad laminate), FeCl3 solution
as corrosive medium, and digital camera to record the experiments. The results show that homogeneous and inhomogeneous B
decrease or increase the corrosion rate, respectively. The homogeneous and inhomogeneous B also shows different corrosion
patterns and induces rotation of the corrosive medium indicating the presence of the Lorentz force. The procedure proposed can
also be applied to other metals and corrosive media providing valuable information on the corrosion process in the presence of B
in several environmental conditions.

npj Materials Degradation            (2022) 6:24 ; https://doi.org/10.1038/s41529-022-00233-5

INTRODUCTION
Metallic corrosion is a major problem in modern society, as it
affects all metallic materials from small electronic components to
major infrastructures1,2. Corrosion often results in costly and
sometimes catastrophic incidents with safety and environmental
consequences. It is estimated that the direct and indirect costs of
corrosion amount to US$ 2.5 trillion globally, which is equivalent
to 3.4% of the world’s gross product3.
It is known that magnetic field (B) can mitigate or aggravate

metallic corrosion; nevertheless, the phenomenon is not fully
understood4–12. Therefore, it is paramount to understand the
apparent contradictory effect of B of permanent magnets, or
electromagnets on the corrosion rate and pattern of metallic
components to avoid premature failure of electrical motors,
generators, transformers, sensors, actuators, which are widely
used in everyday life appliances, as well as in medicine, industries,
transportation, and electrical power systems.
Many authors have studied the effects of magnetic field on the

corrosion rate and observed that magnetic field decreases4–8,
increases5–12, or even has no effect9 on it. This ambiguous effect of
the magnetic field observed on corrosion processes is attributed
to differences in the corrosive medium5,9, metal type4, magnetic
field strength6,12, direction in relation to the metal surface5,6, or
the presence of gradients7. In these experiments, the magnetic
field effect was detected by changes in the corrosion rate
obtained by mass loss5,8,11 and change of the corrosion potential
or corrosion current density at polarization curves6–8. The effect of
magnetic field on the surface of corroded metals has been
analyzed using scanning electron microscopy (SEM)5,9 or optical
images8.
Only a few studies have been published without applied

electrical potential4,9. Sagawa4 studied the corrosion of copper
and iron sheet in nitric acid solution under a magnetic field
applied perpendicular to the surfaces. He observed that the
magnetic field reduces the corrosion rate and the corrosion

products formed during the reaction appear to be attracted by the
magnet pole. He explains the mitigating effect of the B by the
absence of vortexes caused by Lorentz force in the solution and
that B represses the diffusion of the corrosion products in the
metal surface and this increases the diffusion layer that
consequently reduces the rate of mass-transport-controlled
reaction.
Ang et al.9 studied the effect of B parallel to the metallic surface.

They observed an increase in the copper corrosion rate in HCl and
NaOH solutions but there was no effect when the corrosive agent
was NaCl solution. They explained these observations indicating
that the mass transfer is the primary mode for the corrosions in
HCl and NaOH solutions and the reaction rate is increased by the
magnetohydrodynamics effect caused by B. On the other hand,
for NaCl, the main mode is the electron charge transfer and no
effect of the B was expected in the reaction rate.
In this study, we introduce a simple and fast way to visually

monitor the positive or negative effect of B on metallic corrosion
processes in operando using a digital camera and metallic thin film
(copper clad laminate discs—CCL). Corrosion of CCL discs in the
absence or presence of homogeneous or inhomogeneous B
shows several etching patterns and different reaction rates, which
are not easily observed using metal bulks. In addition, a rotation of
the corrosive medium occurs when the corrosion reaction is
performed in the presence of B, indicating the effect of the
Lorentz force. This simple, fast, and real-time procedure demon-
strated here with CCL and digital cameras could also be applied to
other metals and other corrosive environments.

RESULTS AND DISCUSSIONS
We used CCL discs as metallic thin film and FeCl3 solution as a
corrosive medium to prove the concept. CCL and FeCl3 were
chosen because they are easily found commercial products used
to make printed circuit boards. In this corrosion process, metallic
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Cu is initially oxidized by FeCl3 to form CuCl that is subsequently
oxidized by another FeCl3 to form CuCl2, which is a water-soluble
product that facilitates metallic dissolution13,14. The corrosion
progress on the copper film is visually observed by color contrast
between the regions with and without metallic materials (Figs. 1–5).
Thus, the static and dynamic corrosion processes can be recorded
in operando, using digital or cellphone cameras, that is, without
requiring the use of sophisticated equipment.

Corrosion of CCL disc in the absence of magnetic field
We first studied the corrosion of the CCL disc in the absence of B
as a control experiment to compare with the experiments
performed in the presence of homogeneous and inhomogeneous
B. We also implemented the experiments blocking and not
blocking the edge of CCL discs with the cell wall as different
corrosion rates and patterns were observed in these conditions.
In the first experiments, using the large cells in absence of B, we

observed that the corrosion pattern was not constant. The
corrosion always starts from the disc edges but, sometimes it
occurred symmetrically, as in Fig. 1a or asymmetrically, as in Fig.
1b. After performing some experiments, we determined that the
symmetrical pattern occurs when the cells were leveled and the
asymmetrical ones when the cells were off-level in the order of 1
degree. We also observed that the most corroded area is observed
in the elevated region which may suggest that the reaction is
more effective with less solution layer and faster absorption of
oxygen from the air to oxidized FeCl2 to FeCl3, ensuring the
etching process. Therefore, the use of thin film shows the
sensitiveness of corrosion to leveling and to the best of our
knowledge, this is the first observation of this leveling effect. For

this reason, the cells in all corrosion experiments shown in Figs. 2–
5 were leveled.
Figure 2a shows pictures of CCL disc etched in FeCl3 solution at

30, 60, 90, and 120min using the big cell (BC) with 83.5 mm in
diameter, which does not block the disc edge. The picture of the
CCL disc at 30min is identical to the disc picture at the beginning
of the process. Some corrosion occurs at this time but it is not
observed on the disc. Pictures at 60 and 90min show a
symmetrical etching of the copper film at its perimeter indicating
that corrosion in this experimental setup occurs preferentially in
this area. Corrosion occurs preferentially at the disc edge because
copper in this area is etched by the ferric ions in the solution
above it as well as by the ions from the extra solution beyond the
CCL border. This process at the disc edge is known as the edge-
effect15,16. The symmetrical corrosion pattern, from the disc edge
to the center, was observed at 120 min and up to the end of the
etching process at ~140 min.
Initially, we implemented the experiments with a small cell (SC),

that blocks the 51mm disc edge, using a taller small cell (TSC)
with 51.2 mm of internal diameter that holds 30ml of corrosive
medium. However, it was not possible to monitor the reaction in
operando, because the disc at the bottom of the cell was not
visible, due to the low transparency of the corrosive medium
(Supplementary Fig. 1a). Therefore, experiments with SC were
performed with 10 ml of a corrosive medium to have the same
solution thickness of BC. The corrosive medium was replaced by a
new solution when it changed from light yellow to a green-brown
opaque color. Corrosion experiments with three 10 ml of solution
showed a similar corrosion pattern (Fig. 2b) when compared to
experiments conducted with TSC (Supplementary Fig. 1b).
Figure 2b shows pictures of the CCL disc etched in FeCl3

solution at 30, 120, 180, and 200min in SC. Similarly, the corrosion
process using the BC (Fig. 2a) the pictures did not show any visible
etching up to 30min. The etching in SC is only observed at
~100min or longer, as presented in the pictures of 120, 180, and
200min. These results indicate that the physical barrier (cell wall)
on the edge of the CCL disc blocks the access to extra ferric ions.
However, in SC, the etching process also started in a certain area
of the disc edge (Fig. 2b, 120min), due to some defect (gap)
between the disc and the SC wall that allows access to extra ferric
ions in comparison with other areas of the disc. To confirm this
hypothesis, the corrosion experiment was also implemented using
a disc with a small-sanded area (~0.3 mm) in the disc perimeter.
Supplementary Fig. 2 confirms this hypothesis as the corrosion
always started in the sanded area that allow preferential corrosion.
After the beginning of the etching process in the defect region, all

Fig. 1 Leveling effect. a Picture of the corroded CCL disc when the
cell was leveled. b Picture of the corroded CCL disc when the cell
was off level by ~1 degree.

Fig. 2 Corrosion of CCL disc in the absence of magnetic field. a Pictures of the typical corrosion process that happens on CCL disc in FeCl3
solution at 30, 60, 90, and 120min in a big cell (BC). b Pictures of CCL disc in FeCl3 solution at 30, 120, 180, and 200min in small cell (SC).
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metallic material is consumed from this point to the other areas of
the disc, with no new etching point at the edge, resulting in an
asymmetrical etching pattern (Fig. 2b, 180 and 200 min).
The edge or cut-edge effect is better seen when the corrosion is

performed on a CCL with a 16-mm hole in the center of the disc
(Fig. 3a) which clearly shows that the corrosion started from both
edges (center and outside), but it is more pronounced on external
border due to access to more Fe3+ ions. Figure 3b shows that
corrosion of the CCL disc with the ink-protected edge started at
the region just after the ink, indicating that corrosion was not
caused by the cut-edge effect, but by the edge effect.
Figures 1–3 demonstrated that the thin CCL film is a simple and

rapid way to monitor metallic corrosion, in operando, when
compared to other methods used to monitor corrosion processes
like microscopy, profilometry, and interferometry17–20. Besides, the
CCL film easily allows the observation of the reaction in real-time
and the effects of leveling and obstruction edge.

Corrosion of CCL disc in the presence of magnetic field
We used four experimental setups to study the macroscopic
effects of magnetic field (B) on CCL corrosion (Fig. 8). The CCL disc
in SC and BC on top of the big magnet, BMBC and BMSC setups,
respectively (Fig. 8a-I and a-II) and on top of the small magnet,
SMBC, and SMSC, respectively (Fig. 8b-III and b-IV).

Corrosion using magnet bigger than CCL disc
Figure 4 shows the pictures of CCL discs etched in FeCl3 solution
in BMBC and BMSC setups. In these setups, the CCL discs rest in
the most homogeneous region of the magnet (Fig. 8a) called here
homogeneous B. Supplementary Video 1 illustrates the effect of B

on the mass transport process that occurs at corrosive medium, in
the BMBC setup (Fig. 8a-I).
Figure 4a shows pictures of a typical corrosion process on the

CCL disc at 30, 100, 160, and 300min, using the BMBC setup (Fig.
8a-I). The picture of the CCL disc at 30 min (Fig. 4a) is identical to
the disc picture at the beginning of the reaction. However, the
corrosive solution in the presence of B rotates just after the
contact between the solution and metal (Supplementary Video 1)
indicating the corrosion reaction. This magnetohydrodynamic
(MHD) phenomenon is frequently observed when electrochemical
reactions, like corrosion, are performed in the presence of B5,21–28.
However, the MHD phenomenon without the application of an
electric field is rarely reported. Blaha29 in 1950 and Davenport
et al. in 20038 reported a similar rotation of the corrosive medium
when the reaction was performed in presence of B. Davenport
et al. attribute this rotation to the action of Lorentz force.
Supplementary Video 1 demonstrates the counterclockwise
rotation of the corrosive solution on the B south pole in the
BMBC experiment and it is also observed in the BMSC setup. The
solution rotates clockwise when the corrosion reaction is
performed using B north pole suggesting the action of
Lorentz force.
The picture of the CCL disc at 100min (Fig. 4a) shows a

symmetrical etching of the CCL disc edge similar to corrosion in
the absence of B (Fig. 2a). However, the CCL etched area at
160min in the presence of B (Fig. 4a) was much smaller than in
the CCL disc at 120min in absence of B (Fig. 2a), indicating a
reduction of the corrosion rate. The protective effect of B is even
more evident when comparing the corroded area of Fig. 2a and
Fig. 4a. The equivalent corroded area observed at 120 min in
absence of B (Fig. 2a) is only observed at 300min in presence of B
(Fig. 4a), indicating a reduction in the corrosion rate by more than
a half.
Figure 4b shows pictures of the CCL disc in FeCl3 solution at 30,

100, 160, and 300min, using the BMSC setup (Fig. 8a-II). The
corrosion pattern is similar to that observed in the beginning of
the process using SC in the absence of B (Fig. 2b). No visible
etching is observed up to 30min and a small and asymmetrical
pattern is observed at ~100min. Unlike the experiments in
absence of B, the corrosion pattern seems more symmetrical at
160min and entirely symmetric at 300 min. This symmetrical
corrosion pattern was also observed in the TSC (Supplementary
Fig. 1c). One explanation for the symmetrical pattern in longer
reaction times (as in Fig. 4a, 300 min) is the effect of solution
rotation (Supplementary Video 1) due to the Lorentz force, which
reduces the cell wall blocking effect.

Fig. 3 The edge effect. a Picture of the CCL disc with a 16-mm hole
in the center after the corrosion experiment. b Picture of the CCL
disc corrosion with the ink-protected perimeter.

Fig. 4 Corrosion of CCL disc in the presence of magnetic field using magnet bigger than CCL discs. a Pictures of the corrosion process on
the CCL disc in the SMBC setup (Fig. 8a-I). b Pictures of the corrosion process on the CCL disc in the BMSC setup (Fig. 8a-II).
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Corrosion using magnet smaller than CCL disc
Figure 5 shows pictures of the CCL disc in relation to reactions
times in BC and SC etched in the FeCl3 solution on the top of the
smaller magnet (Fig. 8b). Supplementary Video 2 illustrates the
MHD effect of B on the rotation of the corrosive medium in the
SMBC setup. In these setups, the CCL discs are crossed by the
strongest magnetic field gradient (MFG), called here inhomoge-
neous B (Fig. 8b) resulting in fast and peculiar corrosion processes.
Figure 5a shows pictures of the typical corrosion process on the

CCL disc at 27, 40, and 70min in the SMBC setup (Fig. 8b-III).
Figure 5a shows that the CCL area on top of the magnet contour is
rapidly etched, as it experiences the strongest MFG (Fig. 8b). The
effect of MFG on corrosion of CCL disc is clear at 27min (Fig. 5a).
This result agrees with the Sagawa observation4 using solid metal
plate but is much easier to observe using in metallic thin film
(CCL). At 40 and 70min (Fig. 5a), the etching process increases in
two directions, to the center and to the edge of the CCL disc.
Figure 5a also shows that the copper film, at the center of the disc,
remains up to 70min even in this strong etching process.
However, the copper film is hardly seen in the disc edge,
indicating the protective effect of the homogeneous
magnetic field.
Figure 5b also shows the strong effect of the MFG on the

corrosion rate in the SMSC setup (Fig. 8b-IV). In this configuration,
the effect of the MFG on the corrosion rate is clearly seen at
~15min (Fig. 5b). At 25 min, corrosion is more pronounced than at
27min (Fig. 5a) and it occurs toward the center of the disc and the
magnet. This is better observed at 80 min, when the disc center is
fully corroded. On the other hand, the disc edge is the last part
corroded and corrosion is much slower in this area than in the
SMBC setup (Fig. 5a). Therefore, the cell wall also exerts a strong
effect on reducing the corrosion rate. Thus, when CCL is in the
strong MFG (Fig. 8b), the etching process did not start at the disc
edge, regardless of the size of the cells, as observed in the
absence (Fig. 2) or in the presence of homogeneous B (Fig. 4). This
was also observed in the TSC (Supplementary Fig. 1d). This strong
corrosion effect observed in Fig. 5 is possibly due to the MFG, in
the magnet contour that attracts preferentially the oxidant Fe3+

that has the highest magnetic moment.
Supplementary Video 2 shows CCL corrosion using the B north

pole of SM (Fig. 8b-III) in the first minutes of the etching process.
The SMSC setup also shows a similar effect. This Supplementary

Video shows a clockwise rotation on top of the magnet that is
inverted when corrosion is performed using the B south pole also
demonstrating the effect of the Lorentz force.
The rate of copper corrosion by FeCl3 is a diffusion-controlled

process that depends on both Fe3+ and Cu2+ transports30,31. The
Fe3+ moves from the solution to the metal surface and the Cu2+

moves from the metal surface to the solution. Therefore, the metal
at the edge of the disc is expected to be preferentially corroded
(Fig. 2) because it is the region with rapid access to Fe3+ from the
solution on top of the disc as well as from the solution outside of
the disc (Fig. 6a). It is also the region where Cu+2 can diffuse from
the metal surface to the solution on the disc top as well as from
the solution outside of the disc.
The corrosion pattern observed in the presence of homo-

geneous B (Fig. 4) is similar to that observed in absence of B (Fig.
2). However, the corrosion rate is slower (Fig. 4) and the medium
solution rotates (Supplementary Video 1). The solution rotates
counterclockwise when the reactions are performed in the south
magnetic pole (Supplementary Video 1) or clockwise in the north
magnetic pole. These rotations indicate that positively charged
particles are moving radially from the center of the disc to its
border or negatively charged particles are moving in the opposite
direction. The positive charges in the medium are the oxidant
Fe3+ and the reaction products Fe2+ and Cu2+ and the negative
charge is the Cl−. The Fe3+ and Cl− are in high concentration and
uniformly distributed in the solution and their diffusion in
presence of B are not affected by the Lorentz force32. According
to the diffusion model proposed in Fig. 6a, the Cu2+ and Fe2+ are
the charged particles formed during the reaction that can move
radially driven by the gradient concentration (light blue arrows).
Therefore, our hypothesis to explain the reduction of corrosion

rate involves the rotation of these ions in the corrosive medium
(Supplementary Video 1). This rotation is a typical magnetohy-
drodynamic effect since it correlates with fluid with charged
particles subjected to the magnetic field. The complete under-
standing of the phenomenon is very complex because many
parameters need to be taken into account: all charged particles, all
magnetic particles, their masses and sizes, fluid viscosity,
diffusions, external magnetic field intensity and geometry,
physical barrier imposed by the Petri cell, CCL size, among others.
These parameters obviously require a powerful simulation code in
order to obtain more accurate predictions and understandings,

Fig. 5 Corrosion of CCL disc using a magnet smaller than CCL disc. a Pictures of the corrosion process on the CCL disc in the SMBC setup
(Fig. 8b-III). b Pictures of the corrosion process on the CCL disc in the SMSC setup (Fig. 8b-IV).
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which are not the scopes of this work. However, it is possible to
have a phenomenological comprehension of the main actions
driving the corrosion dynamics.
In the presence of homogeneous magnetic field B (Fig. 4), the

Cu+2 and Fe2+ ions resulting from the reaction, preferentially
leave the CCL disc due to the diffusion caused by the gradient
concentration. Both appear at interface metal/solution and move
to solution (Fig. 6b, light blue arrow).
Since B is perpendicular to the radial diffusion of the positive

ions (Fig. 6b, light blue arrow), the effect of the magnetic part of
the Lorentz force (FB), Eq. 1, must be considered33.

FB ¼ qv ´ B (1)

where q is the charge of the particle moving at velocity v.
The white arrow represents the magnetic part of the Lorentz

force (FB), orthogonal to v and B and is a centripetal force that
causes circular path for Cu2+ and Fe2+ (Fig. 6b, dark blue arrows)
and consequently, the fluid rotation (Fig. 6b, yellow arrow)
observed in Supplementary Video 1. Therefore, the deflection of
the Cu2+ and Fe2+ from their radial trajectories causes a delay in
the diffusion to outside of the metal surface, consequently
decreasing the reaction rate.
On the other hand, when the CCL corrosion is performed in

presence of inhomogeneous B an increase in corrosion rate is
observed (Fig. 5). In the inhomogeneous B the MFG force (FΔB)
must be considered33 in addition to the action of the Lorentz force
(observed in the rotation in the Supplementary Video 2). In
presence of FΔB (black arrows), the paramagnetic ions experience
a force that is proportional to the strength of the MFG and to the
magnetic momenta of the ions. Since Fe+3 has the highest
magnetic momentum among the ions in the medium, it is
attracted to the strongest MFG force (Fig. 8b). Therefore, FΔB
increases the Fe3+ concentration on the metal surface in the
center of the CCL disc (Figs. 5 and 6c), increasing the corrosion
rate. The effects of the magnetic field B described for BC (Fig. 6)
can also be used to explain the pattern and the corrosion rate
observed in SC experiments (Figs. 4b and 5b).
Figure 7 summarizes the main phenomena observed in the CCL

discs, in BC and SC and in presence of inhomogeneous and
homogeneous magnetic field. The corrosions in presence of
inhomogeneous or homogeneous magnetic field were always,
respectively, faster and slower than the corrosion in absence of B,
independently of the cell size. The corrosion pattern at the end of
depends on the cell size.
In conclusion, in this study, we demonstrated a simple and

effective way to visually monitor and record the corrosion rate and
its patterns in operando under several experimental conditions
using CCL film. The CCL experiments showed an asymmetrical

corrosion pattern when the discs were not leveled or when the
disc edges were blocked by the cell wall. The CCL experiments
also showed a decrease or increase in the corrosion rate when the
reactions were performed in the presence of homogeneous or
inhomogeneous B, respectively. Corrosion in the presence of B
shows clockwise or counterclockwise rotations, depending on the
magnetic field orientation indicating the presence of the Lorentz
force. The corrosion experiments proposed in this work could also
be performed with other metallic thin films in inert substrate with
several corrosive media. This procedure provides valuable
information on the metal corrosion process in several environ-
ments, an important aspect for academic and industrial research.

METHODS
We performed the corrosion experiments using single-sided CCL with a
0.1-mm copper layer deposited in 1.5-mm composite substrate and FeCl3
solution, as the corrosive agent. The CCL was cut into circular disks with
51mm in diameter and the copper surface was degreased, polished with
2500 mesh-coated abrasive, and dried prior to the corrosion experiments.
The CCL discs were concentrically placed on plastic Petri dishes, named

SC and TSC that have the same internal diameter of 51.2 mm and a height
of 9 and 25mm, respectively and BC that has an internal diameter of
83.5 mm and a height of 13mm. The corrosive medium comprised 30ml of
FeCl3 solution, prepared by dissolving 100 g of FeCl3 in 250ml of distillated
water. The SC could not hold the 30ml solution thus TSC was initially used.
However, the CCL disc was not visible in TSC due to the thicker layer of the
corrosive medium (Supplementary Fig. 1a). Therefore, for real-time
measurements, the experiments with SC were performed by adding three
times volumes of 10ml of FeCl3 solution consecutively after each time that

Fig. 6 Schematic drawing of the effect of mass transport of iron and copper ions on the corrosion pattern and rate. a Corrosion in
absence of B showing the preferential movement of the cations. b Corrosion in presence of homogeneous B where the light blue arrow
indicates the radial diffusion of Cu2+ and Fe2+, white arrow, the direction of FB and dark blue curved arrows the deflection of the cations by
FB, and the yellow arrow the rotation of corrosive medium, and c corrosion in presence of inhomogeneous B where the black arrows indicate
the FΔB.

Fig. 7 Schematic summary of the main phenomena observed in
the CCL discs, in BC and SC and in presence of inhomogeneous
and homogeneous magnetic field. The corrosions in presence of
inhomogeneous or homogenous magnetic field were always,
respectively, faster and slower than the corrosion in absence of B,
independently of the cell size. The corrosion pattern at the end of
depends on the cell size.
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the corrosive medium changed from light yellow to green-brown opaque
color (according to the corrosion rate). The corrosion reactions were
carried out at 25 ± 2 °C and were monitored up to 300min, using digital
(cell phone or Gopro Hero 4) cameras13,14,34–36. The Gopro camera was
preferentially used, as it has a plastic protective housing, an important
feature to monitor the experiments in harsh corrosive environments.
The corrosion experiments were performed in the presence and absence

of magnetic fields. The sources of magnetic fields were two cylindrical
NdFeB permanent magnets named big magnet (BM) and small magnet
(SM), with 130mm in diameter and 25mm in height and 30mm diameter
and 19mm in height, respectively.
Figure 8a shows the diagram for the big magnet-big cell—BMBC (I) and

big magnet-small cell—BMSC (II). Figure 8b displays the diagram for the
small magnet-big cell—SMBC (III) and small magnet-small cell—SMSC (IV)
setups. The magnets (dark gray), Petri cells (black), CCL discs (red), and
FeCl3 solutions (light yellow) are schematically represented in Fig. 8. The
light gray part at Fig. 8b (top) is a Teflon piece that houses the small
magnet and the cells. The graphics with red and blue lines are the
calculated vertical (Bv) and radial (Br) components of the magnetic fields,
respectively. The dashed lines are used to guide the eyes and show that
the CCL disc is in the homogenous region (Fig. 8a), which is crossed by the
strongest magnetic field components and MFGs in Fig. 8b. The Bv red lines
and Br blue lines were calculated at 2 mm (copper surface) above the
magnet surface, using FEMM (Finite Element Method Magnetics, an open-
source code found at https://www.femm.info/wiki/HomePage).

DATA AVAILABILITY
The authors declare that all data supporting the findings of this study are available
within the paper and its Supplementary information files.
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