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Effect of Graphene-Based Coating 3D Printing Process on
the Remanence and Corrosion of Sintered NdFeB Magnets

Julio Cesar Serafim Casini,' Isolda Costa? and Rubens Nunes de Faria Jr.?

Abstract

This study describes a 3D fused deposition modeling (FDM) printing process using a graphene-impregnated
polylactic acid (G-PLA) filament to create a new type of rigid, plastic, nonconductive, and anticorrosion layer.
Therefore, the possibility of 3D printing a plastic layer using FDM methods is demonstrated herein. A com-
mercial magnet such as N35 NdFeB can be used to produce an efficient shielding film by additive
manufacturing. As the coating layer thickness increases, the remanence decreases from 1.17 to 1.01 T for the
G-PLA coating. Visual tests were performed after exposure to all aqueous NaCl test solutions (0.5 and 1 M),

and no evidence of corrosion of the coating was obtained.
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Introduction

OWING TO THE remarkable ability of sintered NdFeB mag-
nets to generate magnetic fields without high electricity or
heat generation expenditures, these magnets are widely used
in electromechanical devices. However, the low corrosion
resistance of these magnets limits their commercial applica-
tions. This low resistance can be attributed to the multiphase
microstructure of the matrix phase and the presence of in-
tergranular phases, such as Nd- and B-rich phases. It is to be
noted that intergranular phases with high electrochemical
activity exhibit high corrosion rates.”

Researchers have devoted considerable efforts to improving
the corrosion resistance of NdFeB magnets. Some researchers
have used alloy replacement elements such as cobalt, alumi-
num, copper, and niobium.>* Others have synthesized new
coatings that insulate magnets from corrosive environments.”
Typically, the corrosion behavior of magnets is investigated by
exposing them to a neutral saline solution. Several other
strategies have been reported for enhancing the corrosion re-
sistance of NdFeB magnets.””'” Graphene has also been re-
ported as an effective coating for improving the corrosion
resistance of copper, steel, and NdFeB magnets.' 2

Additive manufacturing refers to the layer-by-layer pro-
cess of building apart from the material. This technology

allows the fabrication of complex geometries without being
constrained by the skills of tools or molds, as in other types of
fabrication. Several types of additive manufacturing have
been developed by researchers. The most widespread, com-
mon, and least expensive technology is fused deposition
modeling (FDM). FDM, often referred to as 3D printing,
involves heating a material (most commonly a thermoplastic
polymer) in a nozzle and continuously extruding the viscous
material onto a print bed to create a layer.

When one layer is complete, the printer head raises a
fraction of a millimeter so that the subsequent layer can be
extruded and deposited. This process is repeated until all
layers are extruded.*® The use of thermoplastic polymers with
low melting temperatures and short solidification times has
drawn attention owing to their simplicity and low
manufacturing costs. For example, polylactic acid (PLA) is in
considerable demand worldwide owing to its versatile ap-
plicability in packaging, pharmaceuticals, textiles, automo-
tive, biomedical, and tissue engineering. It has been widely
investigated for biomedical applications owing to its biode-
gradability and biocompatibility.?’®

Ongoing efforts are consistently being directed toward
enhancing the properties of commonly used thermoplastics
through the integration of particles, fibers, or nanomaterial
reinforcements.”” Graphene has gained remarkable popularity
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owing to its exceptional attributes, particularly when infused
into PLA for 3D printing applications.*® This filament offers
enhanced operational temperature performance, heightened
rigidity, substantial impact resistance, and excellent inter-
layer adhesion, resulting in seamless printing. Extensive re-
search endeavors are being pursued to harness the distinctive
attributes of graphene-impregnated polylactic acid (G-PLA)
material within the context of the fused filament fabrication
process.

Multiple studies have elucidated the positive effects of
graphene nanoplatelet reinforcement, showcasing its capac-
ity to augment mechanical properties, dimensional accuracy,
and surface texture of PLA components. These illustrative
instances underscore the significance of G-PLA material
augmented with graphene, underscoring the necessity to
comprehend the combined influence of process parameters
and the imperative for optimization to attain desired out-
comes.>' 3

The combination of FDM with an appropriate software
package allows for a fully customizable printed part geom-
etry. Several parameters can be customized to enhance or
make printed parts more flexible. These features include the
fill factor (percentage density or concentration of the ex-
truded lines), outer layer thickness (boxes), and fill pattern.
The selection of such features can be applied to the properties
of the final printed product.

The coatings currently applied to NdFeB magnets are
produced using the electroplating technique, which requires
an initial pretreatment involving immersion in chemical
agents to perform initial etching, followed by the electro-
chemical deposition of nickel layers through chemical baths.
In contrast, the approach of utilizing biodegradable materials
such as PLA and G-PLA using the 3D printing technique for
the fabrication of corrosion-resistant coatings opens a new
perspective for future investigations in this field. In this study,
the construction of a 3D printed coating with a thermoplastic
polymer—graphene composite material by FDM was ex-
plored. First, the successful printing of a coating with the
geometry of commercial NdFeB magnets by FDM was
demonstrated. Then, the long-term corrosion behaviors of the
N35 NdFeB magnet in NaCl test solutions (0.5 and 1 M) were
investigated from 0 to 30 days by immersion tests.

Materials and Methods
Coating preparation

The coating was fabricated through a printing process,
employing a composite polymeric matrix of PLA with gra-
phene (G-PLA), utilizing filaments with a diameter of
1.75 mm, supplied by 3D Haydale Ltd., headquartered in
Loughborough, United Kingdom. The methodology is rooted
in the specifications provided in the datasheet issued by
Haydale, detailing the integration of functionalized graphene
nanoplatelets, featuring planar dimensions ranging from 0.3
to 5 um. The PLA employed originated from the biopolymer
NatureWork 4043D Ingeo.** The characteristics of G-PLA
are shown in Table 1.

A custom 3D printer, an upgraded version of the Ender 3
printer manufactured by Creality, was employed for the
printing of coatings (Fig. 1). This modified version incorpo-
rated a direct-drive extrusion system, enhancing its printing
capabilities. In addition, an automatic bed leveling system,
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TABLE 1. TECHNICAL SPECIFICATIONS OF GRAPHENE-
IMPREGNATED POLYLACTIC ACID RAW MATERIAL

Specifications Typical value
Tensile strength® 41 MPa
Tensile modulus® 2.6 GPa
Elongation at break® 4.7%
Flexural modulus® 2.8 GPa
Impact energy” 34 kJ/m?
Specific gravity® 1.11 g/em®
Melt flow index (210°C/2.16kg) 11.7 g/10 min
Diameter (tolerance) 1.75+£0.01 mm
Glass transition temperature 75°C
Melting temperature 160°C

All the tests were done at the temperature 23°C.

utilizing Bl-touch technology, was integrated into the Ender 3
3D printer, ensuring precise and consistent printing bed
alignment. The extrusion and plate bed temperatures for the
3D printed filaments are detailed in Table 2. A 0.4 mm ex-
trusion nozzle brass width was utilized.

The coating was printed with the external size and geom-
etry of the control magnet. A cubic (10x 10X 10 mm) stan-
dard magnet, N35 NdFeB, with an original nickel coating,
was used as the control. The coatings were printed with a
100% infill factor and zigzag fill patterns. The outer layer

FIG. 1.
coatings. Various components of the printer are shown, includ-
ing the filament guide, direct drive extrusion head, print bed, and
the (white arrows) of motion of the stepper motors.

Customized Ender 3 3D printer utilized to 3D print the
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TABLE 2. EXTRUSION AND PLATE TEMPERATURE
OF 3D PRINTED COATING

Extrusion Plate bed
PLA filament temperature, °C temperature, °C
G-PLA 215 65

G-PLA, graphene-impregnated polylactic acid.

(shell) thickness of all printed coatings was two layers. The
layer height was initialed by 0.05 mm on top and 0.05 mm on
the bottom, forming a minimal coating width of 0.1 mm. The
coating width (g) was increased by 0.1 mm (0.05 mm on top
and 0.05 mm on bottom) in every printed coating. Typically,
printed coatings and their internal fill characteristics are
shown in Figure 2.

Immersion tests

The specimens were immersed in NaCl solutions with two
concentrations, 0.5 and 1 M, for 30 days. This concentration
is representative of the salinity found in coastal or marine
areas where corrosion is a concern. The magnetized speci-
mens were observed after different immersion times, spe-
cifically, 5, 15, and 30 days, to monitor the corrosion
evolution with time. After weight loss test was conducted, the
coupons were cleaned and dried. The weight of the coupons
was then taken using electronic weighing scale. Full mag-
netization in a 6-T pulsed field was applied using a capacitive
discharger, considering that this condition affects the corro-
sion behavior of magnets and other materials.* !

Magnetic property measurements

Magnetic measurements of the magnetized samples were
performed at room temperature using a closed magnetic
circuit permeameter (hysteresis graph) after saturation in a
pulsed magnetic field of 6 T. To achieve full magnetization, a
very high magnetic field of at least three to five times the
intrinsic coercivity was necessary.***> The end faces of the
test magnetized sample should be in intimate contact with the

A
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FIG. 2. Sections of coating modeled on Ultimaker Cura.
shell, (B) completed coating.
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pole faces because there are always unavoidable small air
gaps due to the surface roughness, poor parallelism of the
sample or pole faces, or intentional shimming to protect
delicate specimens from deformation or crushing.*?

Using a coating to protect the magnet increases the gap and
decreases the remanence; hence, the protective layer must be
kept as thin as possible (if the magnet is to be used in very
aggressive environments, such as wind generators** on or
offshore, some flux losses would be tolerable to extend the life
span of the turbine, and a good compromise between these
two parameters is essential for reducing production costs).
Since the axial-flux cubic magnet was employed, the signifi-
cance of maintaining the G-PLA layer as thin as possible on
the polar faces of the magnet becomes apparent. Conversely,
there is no concern regarding the coating thickness on the
lateral faces (shell) due to the lack of interaction with the
magnetic flux in the closed circuit. Figure 3 illustrates a
schematic representation of the axial-flux cubic magnet.

Results and Discussion

Figure 4 shows images of NdFeB N35 after immersion in
0.5M NacCl solution at different times. Figure 4A-D corre-
sponds to the immersion times of 5, 10, 15, and 30 days,
respectively. After 5 days of immersion (Fig. 4A), pitting
corrosion occurred, and small holes and dark spots appeared
on the NdFeB N35 surface. After 10 days of immersion
(Fig. 5B), corrosion began at the edges because the edges
possessed higher energies. After 15 days of exposure
(Fig. 4C), some wells were covered by irregular corrosion
products, which blocked the diffusion channels, slowing the
propagation of pitting corrosion. Finally, after 30 days of
testing, the volume of the corrosion products increased and
dispersed, and the corrosion intensified.

Figure 5 shows the photographs of NdFeB N35 after im-
mersion in a 1 M NaCl solution at different times. Figure SA—
D corresponds to the immersion times of 5, 10, 15, and
30 days, respectively. The corrosion progress was similar to
that observed in the 0.5M NaCl test solution, although the
corrosion propagation rate increased relative to that in the
0.5 M solution.

(A) Zig-zag filling pattern of bottom coating and a two-layer
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FIG. 3. Schematic representation of axial magnetic flux,
gap, and shell in cubic NdFeB.

The poor corrosion resistance of these magnets is due to
their high content of Nd and the coexistence of several phases
in the microstructure, which are necessary to ensure the re-
quired magnetic properties The microstructure comprises of
the ferromagnetic matrix-phase or ®-phase (Nd,Fe4B) sur-
rounded by intergranular (Nd,,.Fe,B,) and Nd-rich (Nd4Fe)
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phases regions consisting of B rich. According to Zhang
et al.,* the corrosion susceptibility of NdFeB magnets is
because of the lower potential of the Nd-rich phase compared
to that of the matrix phase in NdFeB magnets. Consequently,
Nd-rich phases preferentially undergo electrochemical reac-
tions that release heat. The corrosion mechanisms in these
magnets show regularity, with pitting corrosion occurring
first, followed by intergranular corrosion, matrix phase de-
tachment or dissolution from the NdFeB surface, and, finally,
exposure of a new surface to the solution.

Figure 6 shows the photographs of NdFeB N35 magnets
covered with a graphene-based coating created by 3D printing
after immersion in a 1M NaCl solution at different times.
Figure 6A-D corresponds to the immersion times of 5, 10, 15,
and 30 days, respectively. After 30 days of immersion
(Fig. 6D), no corrosion product was observed in the 1 M NaCl
solution. The thickness of the coating shown in Figure 6 is the
minimum possible for the FDM 3D printing technology, which
corresponds to 0.05 mm on the face of the cubic magnet.

The corrosion resistance of an NdFeB magnet can be an-
alyzed by weight loss. After the immersion of the two NdFeB
magnet samples with the standard nickel coating in NaCl
solutions, their weight loss increased with increasing im-
mersion time (Fig. 7) and NaCl concentration. This repre-
sents a percentage of weight loss of 8.5% and 14.3% for
0.5M NaCl and 1 M NaCl solution, respectively. However,
no weight loss occurred when the magnet was coated using a
3D printing process to obtain a layer with a thermoplastic
polymer—graphene composite material.

Figure 8 shows the remanence as a function of the coating
thickness. The remanence decreased from 1.17 T for the
standard nickel-coated magnet, to 1.01 T, for the 0.5-mm-

FIG. 4. Photo images of N35 NdFeB magnet immersed in 0.5 M NaCl solution for (A) 5 days, (B) 10 days, (C) 15 days,

and (D) 30 days.
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FIG. 5. Photo images of N35 NdFeB magnet immersed in 1 M NaCl solution for (A) 5 days, (B) 10 days, (C) 15 days, and
(D) 30 days.

thick coating, which corresponded to a 13.3% loss of the total ~ and is suitable for each required application, as shown in
remanence. This was because of the increasing gap at which ~ Table 3.%° For instance, it is possible to increase the rema-
the magnetic field was measured. The loss in remanence due nence by 26.5% using an N52 magnet instead of an N35
to the coating can be compensated for by using permanent magnet, knowing that the gap produced by the coating will
magnet grades with higher remanence compared with N35  impact the final remanence of the project.

A B

FIG. 6. Photo images of N35 NdFeB magnets covered with graphene-based coating by the 3D printing process. The
magnets were immersed in 1 M NaCl solution for (A) 5 days, (B) 10 days, (C) 15 days, and (D) 30 days.
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FIG. 7. Weight loss curves of NdFeB magnets immersed in NaCl solutions.

A long-term immersion test (6 months) in a 1M NaCl
solution showed that the G-PLA coating maintained the
corrosion protection of the magnet. Given that PLA is a
widely used biodegradable polymer in 3D printing proto-
typing, the biodegradation of G-PLA was not observed for
the 1 M NaCl solution after 6 months of immersion. How-
ever, the magnet with only a nickel coating (standard) was

significantly corroded before 6 months, showing that the
standard nickel coating is insufficient to protect against cor-
rosion in applications with direct exposure to NaCl envi-
ronments.

A growing interest is emerging in the development of high-
performance composites suitable for 3D printing, achieved
through the introduction of nanomaterials with unique
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function of the increase of the G-PLA coating layer. G-PLA, graphene-impregnated polylactic acid.

Comparison between the magnetization (black) and the percentage of decrease in the magnetization (red) as a
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TABLE 3. MAGNETIC PROPERTIES OF COMMERCIAL-GRADE SINTERED MAGNETS MEASURED AT RoomM TEMPERATURE
(MaxiMuM OPERATING TEMPERATURE 80°C)

Grade®  Remanence B,, T Inductive coercivity H.,, kA/m  Intrinsic coercivity H., kA/m  Energy product, kJ/m’®
N35 1.170-1.220 868 955 263-287
N38 1.220-1.250 899 955 287-310
N40 1.250-1.280 907 955 302-326
N42 1.280-1.320 915 955 318-342
N45 1.320-1.380 923 955 342-366
N48 1.380-1.420 923 955 366-390
N50 1.400-1.450 796 876 382-406
N52 1.430-1.480 796 876 398422

“The “N”’ designation is employed to categorize NdFeB magnets, with the addition of the magnet’s maximum energy product, (BH)max.

properties, such as nanotubes, graphene, and their derivatives,
into the polymeric matrix. The addition of graphene to polymer
matrices has resulted in composites that exhibit superior me-
chanical strength, while maintaining their flexibility, as well as
adaptable thermal and electrical conductivity owing to the
graphene network in the matrix. Research has demonstrated
particularly promising improvements in graphene-based ther-
mal conductivities. With regard to the final application of
electrical generators in wind turbines, which are largely ex-
posed to the action of rain, wind, and severe temperature
conditions, the use of PLA-graphene can result in greater re-
sistance compared to PLA-only materials.”®

The potential scalability of the 3D printing process for
industrial applications is a crucial aspect to consider. The
process can be enhanced in terms of adaptability and versa-
tility, particularly in the production of complex geometries. It
is important to emphasize that a basic model 3D printer was
used for this study. Recognizing that professional-grade 3D
printers can achieve thinner and more precise layers is es-
sential, potentially mitigating the remanence loss effect.
However, it is also pertinent to acknowledge that the de-
scribed process comes with limitations. These limitations
encompass constraints in  material selection and
manufacturing speed, which may impact the efficiency of the
coating production.

Current coatings on NdFeB magnets are manufactured
using the electroplating technique, which necessitates an
initial pretreatment involving immersion in chemical agents
to perform an initial etching, followed by the electroplating
of nickel layers through chemical baths. The resulting coating
possesses a flat surface, susceptible to removal through
grinding or chemical processes. In contrast, the PLA coating
presents a sustainable approach compared to traditional
electroplating-based coatings. While chemical coatings often
employ organic solvents and corrosive chemicals during
application, the PLA coating is derived from a biodegradable
polymer and employs a low-energy 3D printing process. This
more sustainable approach not only mitigates adverse envi-
ronmental impacts associated with chemical coatings but also
enables material recycling and reusability, as the adhesion of
PLA to the magnet’s surface is superficial, facilitating facile
removal.

Despite offering several advantages, the coating technique
developed in this study suffers from a few limitations. First,
any adhesive or coating between the magnets acts as an air
gap, thus reducing the level of magnetism. Second, NdFeB
magnets corrode extremely aggressively.

Depending on the application in which the magnets are
used, it is worth reducing the remanence at the cost of pro-
tection. For example, a permanent-magnet synchronous
generator is an alternative type of wind-turbine generator that
is usually installed in coastal regions and offshores, re-
presented by high levels of corrosion. This corrosion issue is
aggravated by the environmental conditions of wind turbines.
The corrosion of the Nd-rich phase located at the grain
boundaries of NdFeB magnets results in the formation of
neodymium hydroxide. The conversion of Nd to Nd(OH);
results in a large volume increase along the grain boundaries,
leading to magnet degradation. This is affected by the ge-
ometry and grain structure of the magnet.*”*®

Conclusion

In this study, we used a low-cost 3D printer to produce a
new type of coating made of thermoplastic graphene on
NdFeB commercial magnets. The coating increased the di-
mension for each face of the cubic sintered NdFeB magnet by
0.05mm. The minimum coating thickness studied was
0.1 mm (0.05mm at the top and 0.05mm at the bottom),
which was effective in protecting against corrosion in the 1 M
NaCl solution. Under these conditions, the remanence loss
was the lowest. The increase in corrosion protection in
comparison with that provided by nickel coating, which is
usually used in commercial magnets, was significant. Mag-
netic loss can be overcome by employing permanent magnets
of commercial grade with higher remanence.
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