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Abstract

This doctoral dissertation present research aimed into enhancing polymer-bonded Nd—Fe—
B magnets through innovative surface treatments and additive manufacturing techniques,
focusing on improving their mechanical strength, magnetic characteristics, and
environmental stability. This research is critical for broadening the applicability of these
magnets in sectors like green technologies and motion control systems. The dissertation
presents findings from three pivotal studies, each addressing different aspects of magnet
production and treatment.

The first study explores surface modifications using a sequence of phosphatisation,
tetracthyl orthosilicate (TEOS), and 3-aminopropyltriethoxysilane (APTES). This
treatment significantly improved the mechanical properties and corrosion resistance of the
magnets. Magnets subjected to these modifications showed enhancements in tensile
strength by 62%, elongation at the break by 16.7%, and an elastic modulus increase of
19.9%. They also exhibited a remarkable corrosion resistance with less than 5% flux loss
after exposure to harsh conditions.

The second study investigated the use of fused deposition modelling (FDM) for
manufacturing polymer-bonded magnets with both melt-spun and gas-atomized Nd—Fe—B
powders. It was found that using gas-atomized powders, which facilitated better flow and
lower porosity, significantly improved the quality of printed magnets. These magnets
demonstrated higher densities and enhanced magnetic properties with a remanence (B;) of
426 mT, coercivity (Ha) of 721 kA/m, and an energy product (BHum.) of 29 kJ/m?
compared to their melt-spun counterparts. Additionally, these FDM-printed magnets
exhibited excellent thermal stability and corrosion resistance, maintaining performance
integrity after prolonged exposure to 85°C in air and water.

The third study details the application of plasma treatments to enhance the interface
adhesion between Nd-Fe-B magnetic powders and the polymer matrix within FDM-
printed magnets. The application of both radio frequency and low-pressure microwave
plasma treatments significantly enhanced the mechanical properties and environmental
stability of the magnets. Results showed that plasma-treated magnets achieved high
densities (92-94% of theoretical values), optimal mechanical profiles with elastic modulus
up to 578 MPa, and the highest ductility at 21%. The flexural strength reached up to 15
MPa with minimal flux loss, confirming the effectiveness of plasma treatments in
maintaining the magnet's integrity under various conditions.

Together, these studies validate the dissertation’s hypotheses and demonstrate that
specialized surface treatments and additive manufacturing adjustments can substantially
enhance the performance of Nd—Fe—B polymer-bonded magnets. The findings contribute
to both the academic research and practical applications, promoting more sustainable and
efficient use of rare earth magnets and fostering broader applications in essential
technological fields.
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Povzetek

Ta doktorska disertacija predstavlja raziskave, usmerjene v izboljSanje polimerno vezanih
Nd- Fe-B magnetov z inovativnimi povrSinskimi obdelavami in tehnikami aditivne
proizvodnje, s poudarkom na izboljsanju njihove mehanske trdnosti, magnetnih lastnosti
in okoljske stabilnosti. Raziskava je klju¢nega pomena za Siritev uporabnosti teh magnetov
v sektorjih, kot so zelene tehnologije in sistemi za nadzor gibanja. Disertacija predstavlja
ugotovitve iz treh kljuénih Studij, od katerih vsaka obravnava razliéne vidike proizvodnje
in obdelave magnetov.

Prva studija raziskuje povrsinske modifikacije z uporabo fosfatizacije in nanosa tetraetil
ortosilikata (TEOS) in 3-aminopropiltrietoksisilana (APTES). Ta obdelava je znatno
izboljsala mehanske lastnosti in odpornost magnetov proti koroziji. Magneti, ki so bili
podvrzeni tem modifikacijam, so pokazali izboljSanje natezne trdnosti za 62 %, raztezka
pri prelomu za 16.7 % in povecanje elasticnega modula za 19.9 %. Prav tako so izkazali
izjemno odpornost proti koroziji, saj so izgubili manj kot 5 % magnetnega pretoka po
izpostavitvi zahtevnim pogojem.

Druga studija je raziskovala uporabo modeliranja s taljenjem (3D tisk) za proizvodnjo
polimerno vezanih magnetov z uporabo hitro ohlajenih in plinsko atomiziranih Nd—Fe—B
prahov. Ugotovljeno je bilo, da uporaba plinsko atomiziranih prahov, ki so omogocali boljsi
pretok in manjSo poroznost, bistveno izboljsa kakovost natisnjenih magnetov. Ti magneti
so dosegli veéje gostote in izboljSane magnetne lastnosti, z remanenco (B;) 426 mT,
koercitivnostjo (He) 721 kA /m in energijskim produktom (BHua) 29 kJ/m? v primerjavi
z njihovimi hitro ohlajenimi razli¢icami. Poleg tega so ti 3D-natisnjeni magneti izkazali
odli¢no toplotno stabilnost in odpornost proti koroziji, saj so ohranili celovitost zmogljivosti
po dolgotrajni izpostavljenosti 85 °C v zraku in vodi.

Tretja studija podrobno opisuje uporabo plazemskih obdelav za izboljsanje adhezije
med Nd-Fe-B magnetnimi praski in polimerno matrico znotraj FDM-natisnjenih
magnetov. Uporaba radiofrekvencnih in nizkotla¢nih mikrovalovnih plazemskih obdelav je
znatno izboljsala mehanske lastnosti in okoljsko stabilnost magnetov. Rezultati so pokazali,
da so plazemsko obdelani magneti dosegli visoke gostote (92-94 % teoreti¢nih vrednosti),
optimalne mehanske profile z elasti¢cnim modulom do 578 MPa in najvisjo duktilnost pri
21 %. Upogibna trdnost je dosegla do 15 MPa z minimalno izgubo magnetnega pretoka,
kar potrjuje ucinkovitost plazemskih obdelav pri ohranjanju celovitosti magnetov v
razliénih pogojih.

Te studije skupaj potrjujejo hipoteze disertacije in dokazujejo, da lahko specializirane
povrsinske obdelave in prilagoditve aditivne proizvodnje bistveno izboljsajo zmogljivost
polimerno vezanih Nd—Fe—B magnetov. Ugotovitve prispevajo k podrocju akademske
raziskave in praktiéni uporabi, saj spodbujajo bolj trajnostno in ucinkovito uporabo
magnetov iz redkih zemelj ter omogocajo sirSo uporabo na klju¢nih tehnoloskih podrodjih.
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Chapter 1

Introduction

1.1 Permanent Magnets: Background and Historical

Perspectives

The journey of permanent magnets (PM) from natural lodestones to highly engineered
materials spans centuries of discovery and innovation. The earliest known magnets,
naturally magnetized stones known as lodestones, were utilized by ancient navigators for
navigation. This early use of magnetic materials laid the foundation for profound
explorations into magnetic phenomena, catalysing significant discoveries and advancements
over the centuries [1].

The first half of the 1900s marked a significant advancement with the development of
Alnico (aluminium, nickel, cobalt) magnets. The technological evolution of magnets began
in 1917 with the development of KS steel (Kichizaemon Sumitomo steel), an iron alloy that
included cobalt, tungsten, chromium, and carbon. Known for its strong magnetic
properties, KS steel marked a significant advancement in magnetic technology. This was
followed by the introduction of MK steel (Mischmetall-Kobalt steel) in 1932, a variant
without carbon composed of iron, nickel, and aluminium. This alloy was further enhanced
to create New KS steel by adding cobalt, titanium, and copper [2].

During the same period, the introduction of ferrite magnets, specifically OP magnets
(orthoferrite permanent magnets) made from cobalt ferrite and iron ferrite, marked a shift
towards materials offering good magnetic capabilities with improved corrosion resistance
and lower costs. This innovation continued into 1952 with the development of barium
ferrite magnets, which later evolved into strontium ferrite magnets [3].

Within second half of the 20th century, we have seen a revolution in magnetic materials
with the discovery of rare-earth magnets. The era of samarium cobalt (Smcos and SmCoxr)
magnets started in the 1960s. More research was encouraged into intermetallic compounds
of rare earth elements and iron due to the cobalt crisis of the 1970s, culminating in the
1980s with the groundbreaking discovery of neodymium-iron-boron magnets, Nd-Fe-B.
These magnets were developed independently and almost simultaneously in Japan and the
USA via different manufacturing routes—pressing and sintering in Japan and melt-
spinning in the USA. The exceptional magnetic properties of Nd-Fe-B magnets
significantly contributed to the miniaturisation and development of various technologies,
making them invaluable in numerous high-demand applications today [4]. Despite these
advancements, challenges such as susceptibility to corrosion and high production costs
continued to drive research. In 1987, samarium-iron-nitride, Sm,Fei;N; was developed [5],
although it declined in popularity due to difficulties in producing high-performance sintered
magnets.
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This historical perspective gives evidence of technological advancements and lays a
basic understanding for the challenges and continuous need for innovations in magnet
manufacturing. This development underlines the importance of continuous innovation in
material science, particularly in enhancing the properties of Nd-Fe-B magnets through
advanced manufacturing and surface treatment techniques.

1.2 Importance and Applications of Permanent Magnets

The key trait of permanent magnets is their ability to retain a constant magnetic field
without needing an external power source. For these magnets to be effective in modern
applications, they must meet several essential criteria. First, they need to produce a strong
magnetic field, which is measured by three important values: magnetic remanence (B.),
coercivity (He), and maximum energy product (BH...). High B, is the magnetic strength
the magnet holds when in a closed circuit. A higher Br value indicates a stronger magnet
capable of generating powerful magnetic fields. Hu measures the resistance of a
ferromagnetic material to becoming demagnetized. Nd—-Fe-B magnets are highly resistant
to demagnetisation, making them ideal for applications involving high temperatures or
external magnetic fields that could otherwise demagnetize weaker materials. BHuay is the
maximum energy density that the magnet can provide. Nd-Fe-B magnets offer the highest
BHu.x among all permanent magnets, which translates into superior performance in a
smaller, lighter package. Another key property is that good permanent magnets must
withstand high temperatures and resist demagnetisation due to external magnetic fields.
This is often indicated by a high Curie temperature, Tc, and resistance to oxidation and
rusting, ensuring longevity and functionality under various environmental conditions. To
ensure cost-effectivness, magnets must provide strong magnetic energy at a reasonable cost.
Nd-Fe-B magnets are the strongest permanent magnets available and can be produced in
both isotropic and anisotropic forms. Isotropic magnets can be magnetized in any direction,
which can provide flexibility in design but generally offers lower magnetic energy than
anisotropic magnets. Anisotropic magnets are aligned during manufacturing to maximize
magnetic strength in a specific direction. This orientation increases the magnetic force but
limits the magnetisation direction to one aligned with the grain of the material, which is
optimal for specific, high-performance applications. More detailed explanations of these key
parameters can be found in the literature, simplifying the complex technical descriptions
for broader understanding [6], [7].

The focus of this thesis, particularly in the introductory chapters, will predominantly
be on Nd-Fe-B magnets, which are a critical component in generators and motors for wind
turbines and electric vehicles (EVs). Market forecasts by Roskill suggest that by 2030, rare
earth magnet applications will account for about 40% of total demand, potentially leading
to a tight supply-demand scenario and spurring the development of new production
capacities [8]. They are primarily used in electric motors, which convert electrical energy
into mechanical motion. This application benefits from the magnet's high energy efficiency
and reliability performance contributing to the overall effectiveness and environmental
sustainability of EVs [9]. Nd-Fe-B magnets are also crucial in renewable energy generation,
especially in wind turbines, where they are used in the generators to convert wind’s kinetic
energy into electrical energy. The generator's rotor creates a rotating magnetic field,
inducing electric energy into the stator windings. This magnetic field can be generated by
electromagnets, requiring electrical excitation and consuming reactive power, or by PM,
which does not require electrical excitation [10]. Their high energy product allows for the
creation of more compact and efficient generators, which improves the output and
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reliability of wind energy systems. Additionally, rare-earth-based permanent magnets such
as samarium-cobalt and neodymium-iron-boron are extensively utilized in advanced
military applications such as navigation systems in battlefield tanks and electronic warfare
equipment due to their stability under extreme conditions [11].

These applications demonstrate the critical role that Nd—Fe-B magnets play in modern
technology, driving advancements that touch nearly every aspect of contemporary life. By
understanding and optimizing the unique properties of these magnets, industries can
enhance the performance and efficiency of a wide range of devices and systems.

1.3 Production Methods for Permanent Magnets and Their
Challenges

Permanent magnets are produced through several methods, each with its advantages and
disadvantages. Manufacturing techniques are continuously improved with advancing
technology by offering improved performance and opening new perspectives in finding
innovative applications.

Sintering is still most widely used method to manufacture full-density, high-
performance Nd—Fe-B magnets. The process begins with preparing an alloy using the strip-
casting method, which is then converted into a fine powder through hydrogen decrepitation
and jet-milling. This fine powder, consisting of single-crystal particles of the Nd:Fe; B
phase, is compacted into moulds under an applied magnetic field to orient the particles.
The compacted green body is then sintered in a vacuum furnace at approximately 1100
°C, which allows the particles to fuse, creating a dense and robust magnet. Post-sintering
heat treatment is performed to develop the full coercivity, and the magnets are machined
to the desired shape and coated for protection [12]. The advantages of sintering process are
producing magnets with high magnetic performance, creating complex shapes and sizes,
and achieving high density. On the other hand, this technique also possesses drawbacks
such as requiring high temperature with controlled atmospheres, which means high energy
consumption processes. Impurities affecting the performance of a magnet are also sensitive
to the process. In some cases, this may involve machining after processing, further adding
cost and complexity. Despite these challenges, sintered Nd-Fe-B magnets are well suited
for high-performance applications such as electric vehicles, wind turbines, and industrial
motors, making sintering the most established but also the most resource-intensive and
expensive route of production.

Moulding of Nd-Fe-B permanent magnets involve mixing Nd—-Fe-B powder with a
polymer binder, such as polyamides (nylon) or polyphenylene sulphide (PPS). These are
then pressed or injected into a mould. Feedstock material in the form of magnetic powders,
polymers, and additives, are kneaded in extruders and shaped into pellets of a few
millimetres in size. Prior to the pellets feeding into the injection moulding machine, they
must be dried to a specific moisture level to ensure the quality of the final magnet.
Depending on desired properties and final applications, various polymers can be utilised as
binders. Commonly used binders include polyamides, however maximum operating
temperatures of polyamides is limited between 120 °C and 130 °C, beyond which they may
suffer from oxidation or mechanical softening. However, PPS, can withstand higher
temperatures up to 200 °C, making it suitable for more demanding applications [13]. The
mould temperature during injection moulding may change between 250 °C and 340 °C
according to the type of used polymer and mould design. Therefore, this technique allows
the manufacturing of magnets with complicated shapes, including thin walls, suitable for
complex geometries applications like sensors, small motors, and consumer electronics.
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Injection-moulded magnets generally have lower magnetic performance due to the dilution
effect of the binder, resulting in reduced mechanical strength and thermal stability, they
are highly competitive due to their ability to produce diverse field distributions and
complex shapes [14]. In the automotive industry, injection-moulded Nd-Fe-B magnets are
particularly valuable. They are used extensively in magnetic sensors and electrical
machines, which control nearly all moving units in modern cars. Applications include
window lifters, seat positioning units, torque and rotation sensors for electrical steering
systems, windshield wipers, and many other components. The ability to integrate these
magnets easily with other parts through over-moulding or multi-component moulding
enhances their utility and reliability in automotive applications. The demand for these
magnets is growing rapidly in the automotive sector due to their efficiency and the
increasing complexity of modern vehicles.

Additive manufacturing (AM), or 3D printing, a key component of Industry 4.0, rapidly
expands across various high-tech sectors, including green technologies, aerospace, and
medicine. Driving force for growing interest in AM is its ability to enable customized
production and create complex geometries, resulting in lighter parts crucial for reducing
fuel consumption and carbon emissions in automotive applications. Additionally, AM
minimizes material wastage, which economically benefits expensive materials like rare earth
magnetic powders [15]. Initially focused on rapid and cost-effective prototype fabrication,
AM is advancing towards serial production. Despite its origins in the 1980s, AM continues
to evolve as diverse material groups, such as polymers, metals, ceramics, and composites,
can now be used. The form of the feedstock material and the method of material
consolidation are critical, leading to seven main families of additive manufacturing [16].
Additive manufacturing involves building magnets layer by layer using techniques that
allow precise control over the magnet's shape and internal structure. This method enables
the production of highly complex geometries that are difficult or impossible to achieve with
traditional methods, reduces material waste, and allows for the use of tailored magnetic
properties through gradient structures. It also offers the potential for rapid prototyping
and custom magnet designs. However, the magnetic properties of 3D-printed magnets are
generally lower than those produced by traditional methods. The technology is still
developing, facing challenges related to scalability and cost-effectiveness for large-scale
production. Material and process optimisation is ongoing to improve the magnetic and
mechanical properties of the printed magnets.

Vat photopolymerisation has emerged over the years as very important additive
manufacturing process. It has been used commercially to solidify photopolymer resin layer
by layer, thereby creating highly detailed and smooth objects. For ceramic or metal
materials, the process uses a photocurable paste or slurry. Technologies such as
stereolithography (SLA), which uses UV light, digital light processing (DLP) and
continuous liquid interface production (CLIP), which uses visible light, improved the
flexibility and precision of vat photopolymerisation. This technology is further superior to
the extrusion-based AM technologies because of its high spatial resolution and complex
shape construction with smooth surfaces. Yet, application is usually restricted to
photopolymers, and generally, there are needs for post-processing steps.

Powder bed fusion (PBF) is an advanced additive manufacturing technology that uses
a heat source, either laser or electron beam, to selectively melt and fuse material powder
layer by layer into solid parts. It has been applied in fabrication of complex geometrical
designs, including intricate hollow features that are challenging to achieve with co
manufacturing methods [17]. PBF offers high customisation capabilities, making it
particularly effective for creating permanent magnets with high geometric complexity and
superior mechanical properties. In manufacturing permanent magnets, PBF extensively
utilizes laser sources due to their precision and efficiency. Critical parameters in the PBF
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process, such as laser power, exposure time, and hatching distance, play a significant role
in determining the quality and characteristics of the final product [18], [19], [20], [21]. For
example, shorter exposure times may result in insufficient melting of the powder, leading
to lower densities and weaker structural integrity. On the other hand, longer exposure
times can cause overheating, resulting in cracks and delamination that compromise the
magnet's performance and durability. The geometry and size of the printed objects also
influence internal stresses and the risk of delamination and cracking, especially in smaller
volumes that solidify faster and may not manage heat as efficiently as larger pieces [19],
[20]. The development of samarium cobalt magnets has been particularly challenging due
to their high thermal sensitivity and tendency to oxidize and distort. However, PBF offers
a promising method for producing flexible SmCo shapes and 3D structures by optimizing
laser power, scanning speed, sintering times, and hatch space. This approach has
successfully enhanced crystallisation and optimized the magnetic properties of SmCos,
demonstrating PBF's ability to handle challenging materials effectively [22]. In addition to
Nd-Fe-B and Sm—Co magnets, isotropic Sm—Fe-N bonded magnets have also been
successfully produced using PBF. This process employed a CO, laser to melt a mix of 6
wt.% polyamide 12 (PA12) polymer binder and Sm-Fe-N flake particles without degrading
the magnetic phase, highlighting PBF's versatility and potential in manufacturing high-
performance permanent magnets with diverse material compositions [23].

Binder jetting is an additive manufacturing process that uses a liquid bonding agent to
fuse powder materials such as metals, ceramics, and sand. The process typically involves
spreading a layer of powder over the building platform using a powder spreading tool,
followed by a print-head jetting the bonding agent into the powder layer. This sequence is
repeated with successive layers of powder and binder until the entire part is formed. The
printed part, known as the "green" part, is then cured in the building chamber, and any
excess powder is removed [24]. Further post-processing is often required to achieve the final
form. Commercial systems supporting binder jetting include those from Desktop Metal,
ExOne, GE Additive, and Voxeljet [25]. The binding agents can be organic or inorganic,
enabling large build volumes across a wide range of materials [26]. This versatility makes
binder jetting adaptable for producing bonded magnets with near-net-shape designs.
However, one of the significant challenges of this process is maintaining the speed of
spreading the magnetic powder without disturbing the previously laid layers. Typically,
printed magnets are porous and have a rough surface finish, which infiltration processes
can mitigate. For example, using clear urethane resin as an infiltrant can enhance the
mechanical strength and surface quality of the printed part, resulting in a measured density
of 3.47 g/cm? with a magnetic filler loading of 46 vol.% (equivalent to 85 wt.%), achieving
a coercivity of 716 kA /m and a remanence of 300 mT [27]. Further studies have explored
the use of low-melting-point alloys like NdCuCo and PrCuCo as infiltrants, showing an
80% increase in coercivity post-infiltration, although with lower remanence values
compared to the as-printed samples [28]. This reduction in remanence is due to the volume
expansion from the infiltration process and the non-ferromagnetic nature of the infiltrants,
illustrating some of the complexities and trade-offs involved in optimizing binder jetting
for magnetic applications.

Material jetting is an advanced additive manufacturing technique that operates
similarly to conventional ink-jet printing. In this process, droplets of build material are
selectively deposited through nozzles, and once the material is laid down, it is typically
cured using UV light or allowed to solidify at room temperature. The thin layers cure
quickly, often eliminating the need for extensive post-processing steps. Known for its high
precision, material jetting is currently limited to a relatively small range of materials [29].
Similar to stereolithography (SLA), material jetting can incorporate an external magnetic
field to align magnetic particles during the printing process. The magnetic field source
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could be an electromagnetic coil [30], a rotating Nd-Fe-B magnet [31], or a custom-
designed rotating magnetic frame [32]. These setups help achieve particle alignment,
resulting in reduced hysteresis loss and increased high-frequency permeability, which
enhances the functional properties of the printed objects. Material jetting has been
effectively used to print complex-shaped Nd-Fe-B bonded magnets with the addition of
SrFes019, achieving a relative density of over 98%. Using 20 wt.% SrFe;2O10, these magnets
maintain excellent dimensional accuracy and surface quality (about 6 pm roughness) while
showing strong filament coalescence. Although adding SrFe;sOi9 reduces the overall
magnetic properties, it significantly improves the coercivity temperature coefficient,
enhancing thermal stability. These attributes make printed Nd—Fe-B-based magnets with
SrFe;0q9 suitable for applications at higher temperatures, significantly reducing tooling
costs and minimizing the waste of rare earth materials [33].

Material extrusion, particularly through methods such as fused deposition modelling
(FDM) and fused filament fabrication (FFF), is one of the most widely employed additive
manufacturing technologies today. In these processes, thermoplastic filaments serve as the
feedstock material. These filaments are loaded into an extruder, heated to a molten state,
and precisely deposited onto the printer bed through a nozzle to build the object layer by
layer. A key challenge in FDM is the production of filaments, which must be extruded with
strict adherence to specific diameter and ovality tolerances to ensure consistent printing at
a constant flow rate. Additionally, these filaments must balance stiffness and flexibility to
facilitate easy spooling and unspooling during production and printing while maintaining
homogeneity to avoid defects in the printed objects [34]. The manufacturing of printable
filament for FDM of permanent magnets presents unique challenges, particularly due to
the incorporation of magnetic powders bonded with polymers that alter the flow and
melting behaviours of the material. Various polymers have been utilized to bond Nd-Fe—
B powders for this purpose, including polyamide 11 [35], polyamide 12 (PA12) [36], [37],
thermoplastic polyurethane [38], PPS [39], [40], [41], and polyether ether ketone [40], [41].
Each polymer impacts the final product differently, influencing key properties such as
durability, magnetic strength, and thermal stability based on its specific characteristics.
One study demonstrated the potential of FDM technology for printing magnets directly
integrated into a functional prototype of a rotary blood pump [42]. This was achieved using
a specially developed five-component polymer-bonded magnetic compound, showcasing the
capability of FDM to create complex, integrated magnetic systems within single print
processes. The challenge of filament production in FDM can be overcome by employing a
material extrusion technology known as big area additive manufacturing (BAAM). BAAM
utilizes pre-compounded materials in pellet form, which are extruded to facilitate printing
large-scale objects. While BAAM bypasses the complexities associated with filament
production, it is generally more costly and offers lower resolution [43]. Despite these trade-
offs, BAAM-printed magnetic components have shown superior magnetic properties
compared to those produced by conventional injection moulding methods, highlighting its
potential for advanced manufacturing applications where enhanced magnetic performance
is critical [44]. Recent advancements in additive manufacturing have focused on the
potential of anisotropic permanent magnets, which permit higher magnetic performance
than isotropic magnets. This is exemplified in applications using SrFe;»Oo-based filaments
with PPS as the binder, which are fabricated and 3D printed for use in harsh environments
like automotive applications, withstanding temperatures up to 200 °C. Despite challenges
due to PPS's extrusion difficulty, adjusting the filling factor to 70 wt.% enabled effective
printing, significantly enhancing magnetic alignment and remanence when printed in an
external magnetic field, demonstrating the potential for advanced manufacturing of high-
performance magnets [45]. In this context, it's significant to recognize and highlight the in-
situ alignment capabilities demonstrated in FDM printing of magnets with SrFe;2Oy in a
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polyamide 6 matrix at a fill grade of 49 vol.% and SmsFe;;N; in a PA12 matrix at a 44
vol.% fill grade. Achieving a remanent magnetisation to saturation magnetisation ratio of
0.70 was possible with SrFe;2O1 under an external magnetic field, which could be adjusted
by changing the distance from the magnets. However, This alignment technique was
ineffective for SmoFe7Ns, indicating the need for a stronger magnetic field to properly align
these materials [47]. For successful alignment of SmyFei;Ns, a magnetic field greater than
1.5 T is necessary. However, current limitations in printing technologies restrict external
field strengths to less than 150 mT during the printing process [46]. Additionally, the
utilisation of BAAM to print magnets comprising 70 vol.% anisotropic Nd-Fe-B and 30
vol.% PA12 has shown promising results. These magnets were aligned post-printing using
an external magnetic field up to 3.0 T, demonstrating a high energy product of
approximately 143.2 kJ/m? at a 1.0 T field alignment [47]. While developing anisotropic
BAAM-printed magnets represents a significant achievement, their larger size and lower
resolution pose challenges, particularly for applications requiring compactness, such as
automotive sensors.

Each production method for permanent magnets offers unique benefits and faces specific
challenges presented in Table 1-1. The choice of method depends on specific application
requirements, including magnetic performance, shape complexity, production volume, and
cost constraints. As technology advances, these methods evolve, providing improved
performance and new opportunities for innovative applications in various high-tech sectors,
including automotive, aerospace, and renewable energy.

Table 1-1: Comparison of various production methods for permanent magnets.

Method Advantages Disadvantages

Sintering

Injection moulding

Vat
photopolymerisation

Powder bed fusion

Binder jetting

Material jetting

High magnetic performance;
ability to create complex shapes
and sizes;

high density.

Suitable for complex shapes and
thin walls; lower manufacturing
temperatures and energy
requirements; versatile in
automotive applications

High spatial resolution;

ability to produce complex
shapes with smooth surfaces.
High customisation;

effective for complex geometries
and superior mechanical
properties;

versatile with various materials.
Versatile with large build
volumes; suitable for near-net-
shape designs; adaptable to
various materials

High precision;

High energy consumption due to
high temperatures and controlled
atmospheres;

sensitivity to impurities;

costly and complex post-processing
required.

Lower magnetic performance due to
binder dilution; reduced mechanical
strength and thermal stability.

Limited to photopolymers;
requires post-processing steps.

Critical parameter sensitivity (laser
power, exposure time);

risk of internal stresses and
delamination;

higher production costs.

Porosity and rough surface finish;
requires post-processing
(infiltration) to enhance mechanical
properties; maintaining powder
layer stability is challenging.
Limited range of materials.
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suitable for integrating magnetic
fields during printing.

Material extrusion Widely used (FDM, FFF, Challenges in filament production;
BAAM); suitable for large-scale lower resolution;
objects; flexible combining balance needed between stiffness
materials; relatively low cost. and flexibility for filament spooling.

1.4 Challenges in the Use of Nd—Fe-B Polymer-Bonded
Magnets

Despite their advantages, Nd-Fe-B magnets also have major disadvantages. Nd—Fe-B
magnets are highly susceptible to corrosion, which can significantly affect their durability
and performance under various environmental conditions [48]. The major corrosion
mechanism of Nd—Fe-B magnets, is primarily due to the fast oxidation of Nd-rich and B—
rich phases at the grain boundaries of the magnetic tetragonal compound Nd.Fe;sB. These
intergranular phases are prone to corrosion, mainly in moist or acidic conditions, which
leads to their preferential dissolution. Consequence of the dissolution process is detachment
and loss of ferromagnetic grains, compromising the structural integrity and magnetic
properties of the magnet [49]. The corrosion threatens the magnet's longevity and restricts
its use in environments prone to moisture and temperature fluctuations [50]. In humid
conditions, Nd-Fe-B magnets can undergo the following reactions, which often lead to
rapid decomposition of the intergranular phase due to water vapour at high temperatures:

2Nd + 3H,0 — NdH; + Nd(OH)s (1.1)

NdHs + 3H,0 — Nd(OH); 3H, (1.2)
3

Nd+ SH, - NdH, (1.3)

These reactions demonstrate how the intergranular phase interacts with water,
producing Nd-hydroxide and hydrogen. The hydrogen further reacts with the Nd-rich
intergranular phase to form Nd-hydride, which is unstable under these conditions and
decomposes back into Nd-hydroxide and hydrogen, repeating the cycle. This ongoing
process exacerbates the conversion of neodymium into Nd-hydroxide, leading to significant
volume expansion in the intergranular phase, which results in cracking along the grain
boundaries and ultimately, complete decomposition of the magnet into a powder [50], [51].
Further, in aqueous acidic conditions, the susceptibility to dissolution increases in the
following order for the non-coupled single phases: ferromagnetic phase Nd:FewB > Nd-rich
phase > B-rich phase Ndii¢FesBa. The differing electrochemical potentials of the three
phases primarily result in galvanic corrosion, where intergranular regions of more negative
electrochemical potentials of the Nd and B-rich areas are attacked first causing their anodic
dissolution [51], [52].

In this way, it has remained one of the challenges concerning effective adhesion between
magnetic particles and the polymer matrix in PBMs, important to ensure mechanical
integrity and optimal performance under a wide variety of conditions [53]. Enhanced
adhesion of magnetic particles with the polymer binder in PBMs provides a promising
solution to mitigate these issues. Improved adhesion protects the magnetic particles from
environmental exposure, minimising possibilities of corrosion and prolonging the
operational lifespan of the magnets.
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PBMs benefit from the polymer binder, which encapsulate the magnetic particles, thus
protecting them from corrosion and oxidation. However, the efficiency and durability of
PBMs significantly depend on the integrity of the composite material. In Nd-Fe-B PBMs,
the potential causes of poor adhesion at the interface between the magnetic particles and
polymer matrix, such as oxide layer formation on the filler during processing in air or
crosslinking of the polymer, pose a significant challenge, undermining the mechanical
strength and overall performance of the final product [54]. This issue is even more
pronounced in additive manufacturing, where the interfacial adhesion between polymer
and metal is notably weaker than within the pure polymer itself, further compromising the
mechanical strength and overall performance of the final product. Therefore, addressing
the reduction in interfacial adhesion is critical for enhancing the efficiency and extending
the longevity of Nd-Fe-B PBMs, ultimately broadening their range of applications.

To improve the adhesion and corrosion resistance of Nd-Fe-B magnets, various
strategies have been employed. Surface treatment of the magnetic powder, such as
passivation pre-treatments including phosphatising [55], [56] or chromatisating [57],
followed by coating with silanes, has been explored through wet chemistry routes [58], [59].
The application of liquid crystal polymer (LCP) enhances the wetting of Nd-Fe-B powders
by PPS, significantly improving the magneto-mechanical properties of thermoplastic Nd—
Fe-B magnets [60]. Silanes are versatile adhesion promoters that form molecular bridges
between organic resins and inorganic fillers, creating durable, chemical-resistant bonds.
These agents start by hydrolysing to form silanols, reacting with moisture to integrate
tightly with substrates that have surface hydroxyl groups, enabling stable covalent
bonding. Silanes are particularly effective on materials with abundant reactive hydroxyls,
such as silica and oxides, enhancing the adhesion and stability of composites across various
applications [61]. However, their application in industrial settings can be complex due to
the need for specialized methods. Techniques such as spraying, slurry application, and in-
situ coating are utilized to effectively bond silanes to fillers, requiring precise control of
application rates, dwell times, and temperatures to ensure successful integration and
maintain the reactivity of silanes. These processes, while effective, demand careful setup
and monitoring to avoid issues like incomplete reactions or safety hazards such as
explosions from volatile by-products [61]. The bonding mechanisms of silane-based coatings
are presumed to involve both chemical bonds and physical adsorption. As silanes undergo
hydrolysis, they form reactive silanol groups that can potentially bond with hydroxyl
groups on the magnetic powder surface through condensation reactions, forming a durable
Si—O—Metal bond crucial for the stability and effectiveness of the coating. The current
literature and available data, however, do not extensively cover the specific molecular
interactions at play, revealing a significant gap in our comprehensive understanding of how
exactly these silane coatings interact at the molecular level with the surface of magnetic
powders. While the general application and benefits of such coatings are well-documented,
the intricate details of these interaction mechanisms remain under-explored. This thesis
acknowledges the necessity of filling this knowledge gap and suggests that future research
efforts employing advanced analytical techniques such as X-ray photoelectron
spectroscopy, Fourier-transform infrared spectroscopy, and atomic force microscopy could
prove invaluable. These studies could uncover the precise nature of these interactions,
potentially revolutionizing the application of these coatings and significantly enhancing the
performance and longevity of magnetic materials in various industrial settings. Another
strategy employs adhesion promoters, such as organo-titanates [62], [63], to improve
adhesion. Titanate coupling agents enhance the functionality of fillers in plastics by
chemically bridging inorganic and organic materials through proton coordination, enabling
reactions with non-hydroxyl substrates. These agents facilitate in-situ reactions within the
thermoplastic melt, improve flame retardancy, and enable the particulate surfaces to
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become hydrophobic and organophilic, which aids in achieving better dispersion and
integration of fillers into the polymer matrix without the need for water [64].

Plasma technology is another promising method for modifying or enhancing surface
properties, such as corrosion resistance and electrical, thermal, or mechanical
characteristics. Plasma treatments involve the use of ionized gases to modify the surface
characteristics of materials without altering their intrinsic properties. This process is
advantageous for several reasons, including its ability to clean, etch, and functionalize
surfaces at an atomic or molecular level [65]. The mechanism behind plasma surface
treatments involves the generation of a plasma field in a controlled environment, typically
within a vacuum chamber. In this field, gases such as argon, nitrogen, or oxygen are ionized,
creating a mixture of ions, electrons, and reactive neutral species. When these reactive
particles collide with the surface of a treated material, they can induce various physical
and chemical changes. These changes include the removal of surface contaminants, the
alteration of surface roughness, and the introduction of functional groups. Plasma
treatment is particularly economical and environmentally friendly as it requires no water
or chemicals, unlike other surface-modification methods [63], [66], [67]. Plasma treatments
have been applied to diverse materials, enhancing wetting properties in various polymers,
improving the adhesion of plasma-deposited coatings, reducing friction, upgrading
biomaterials, and strengthening the bond between thermoplastic polymers and metal
surfaces [66], [67], [68], [69]. Plasma treatments successfully modify the surface of PA12,
where low-pressure microwave plasma makes PA12 wettable [68], [69]. There has been no
published research specifically addressing the plasma treatment of Nd-Fe-B powder,
indicating a potential gap in the current scientific literature that could open new avenues
for enhancing the properties of these materials. This lack of studies underscores the need
for innovative research to explore the effects of plasma treatment on the performance and
durability of Nd—Fe-B magnets. Future research should continue to focus on optimising
the manufacturing processes and surface treatments to improve the properties and
performance of PBMs further.

1.5 Strategies to Reduce Dependency on Rare Earths and
Environmental Considerations

The global reliance on rare earth permanent magnets, particularly Nd-Fe-B magnets, has
been fundamental in driving technological advancements across various sectors, as outlined
in Subchapter 1.2. These magnets, favoured for their exceptional magnetic properties,
including higher energy density and compact size compared to traditional magnets, present
substantial environmental and supply chain challenges [70]. The extensive use of these
materials necessitates urgent measures to support ongoing technological innovation and
address sustainability concerns.

A primary issue is the significant dependency on rare earth materials sourced
predominantly from China, which controls over 80% of the global supply [71]. This
dependence introduces considerable sustainability and geopolitical risks, prompting the
need its mitigation.

To enhance the sustainability of the magnet industry, comprehensive strategies are
being pursued. These include developing efficient recycling processes that help reduce the
need for virgin raw material extraction [72], [73] and researching alternative materials that
do not require rare earth elements [74]. Such materials could match the performance of
existing Nd-Fe-B magnets with future advancements in material science. Notable
advancements in reducing rare earth content have been achieved by developing Dy-free
Nd—Fe-B anisotropic bonded magnets. These magnets, made using Nd—Cu—Al elements
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and produced via the d-HDDR method, showcase the potential to maintain high coercivity
without dysprosium [75]. Additionally, improving the design and robust surface treatments
of magnets can extend the lifespan of products, thereby decreasing the overall demand for
replacements and reducing reliance on rare earth supplies [76].

This thesis focuses on exploring innovative surface treatment methodologies that
enhance the mechanical integrity, magnetic characteristics, and environmental resistance
of polymer-bonded Nd-Fe-B magnets. By advancing these technologies, the thesis aims to
contribute to more sustainable and efficient use of rare earth magnets, addressing critical
challenges and enabling broader applications in essential technological fields.
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Chapter 2

Objectives and Structure of the
Thesis

2.1 Objectives

The primary objective of the thesis was to optimize surface treatment methodologies that
enhance the mechanical integrity, magnetic characteristics, and environmental resistance
of fabricated polymer-bonded Nd-Fe-B magnets. Specifically, the dissertation aimed to
improve the adhesion between Nd-Fe-B magnetic powder and the polyamide matrix
through advanced surface treatments, utilize both injection moulding and fused deposition
modelling for magnet fabrication to achieve superior material properties, and evaluate the
performance of these magnets under various environmental conditions to assess their
industrial applicability. Additionally, during research a highly filled printable filament
comprising 93 wt.% Nd-Fe-B bonded with 7 wt.% PA12 was successfully developed,
addressing one of the greatest challenges in the FDM production of permanent magnets.

2.2 Hypotheses

The central hypothesis of this dissertation is that by applying an appropriate surface
treatment to polymer-bonded Nd—Fe—B magnets, we can not only significantly enhance
their mechanical strength, magnetic properties, and resistance to environmental factors but
also improve their overall processability. We hypothesize that:

e Hypothesis 1:
Surface modifications through a combination of phosphatisation treatment, and
subsequent applying tetraethyl orthosilicate (TEOS), and 3-
aminopropyltriethoxysilane (APTES) significantly enhance the mechanical and
environmental performance of Nd—Fe—B polymer-bonded magnets without
compromising their magnetic properties.

e Hypothesis 2:
Organo-titanate as a dry coupling agent in the FDM filament fabrication improves
the adhesion between the inorganic filler and the organic polymer matrix, thus
improving the mechanical properties and environmental stability of the printed
magnets.

e Hypothesis 3:
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Plasma treatments significantly enhance the mechanical and magnetic properties
of Nd—Fe—B/PA12 magnets printed via FDM without compromising their
environmental stability.

e Hypothesis 4:
Using gas-atomised magnetic particles in FDM printing improves density, reduce
porosity, and enhance magnetic properties and environmental stability compared
to magnets made with melt-spun powders.

2.3 Structure of the Thesis

The dissertation is structured around three core publications, each detailed in its chapter
and addressing different aspects of surface treatment for polymer-bonded Nd—Fe—B
magnets.

Chapter 3, representing Publication I, focuses on enhancing the mechanical properties
and environmental stability of Nd—Fe—B magnets through wet chemical modifications like
phosphatisation, TEOS, and APTES. This chapter emphasizes the critical role of surface
treatments in improving adhesion and achieving enhanced mechanical and environmental
resilience, supporting Hypothesis 1. Chapter 4, detailing Publication II, introduces a dry
coupling agent based on organo-titanate into the feedstock material. This integration aims
to enhance the adhesion between inorganic Nd—Fe-B powder and organic PA12 binder.
The chapter explores the development of highly filled filaments and assesses how the shape
of filler particles influences the density and porosity of FDM printed magnets, thereby
supporting Hypotheses 2 and 4. Chapter 5 explores Publication III, which investigates the
use of plasma treatments to enhance the properties of Nd—Fe—B/PA12 magnets. It
supports Hypothesis 3 by examining the application of plasma treatments to magnetic
powders and PA12 and testing the FDM printed samples for mechanical and environmental
stability.

These publications collectively explore innovative techniques aimed at improving the
mechanical properties, magnetic performance, and environmental stability of the magnets,
each contributing uniquely to the field of material science and magnet manufacturing.

2.4 Contribution of the Thesis

The main scientific contributions of this dissertation are:

e Successful implementation of surface treatments significantly improves the
mechanical properties and corrosion resistance of the magnets. This leads to better
adhesion between the magnetic powders and the polymer matrix, reducing flux loss
and boosting mechanical strength—marking a crucial advancement in the surface
treatment of magnetic materials.

e Plasma treatments can enhance the interfacial adhesion between magnetic powders
and the polymer matrix, improving mechanical strength and environmental
stability while preserving the magnets' magnetic properties. The demonstrated
resistance to hygrothermal corrosion in plasma-treated FDM-printed magnets
highlights the potential of these magnets in demanding applications, paving the
way for more sustainable usage of rare earth magnets.
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e Detailed comparative analysis of the effects of particle shapes and surface
treatments on the performance of FDM-printed magnets, offering new insights into
manufacturing optimisations that bridge the gap between laboratory research and
industrial applications.

These studies offer substantial theoretical and practical advancements, promoting more
efficient and sustainable magnetic material usage. This thesis bridges the gap between
academic research and practical applications, pushing the boundaries of material science
and engineering to create more robust, efficient, and sustainable magnetic materials.

2.5 Methodological Approach

The methodological approach of this dissertation investigates the enhancements in
Nd—Fe—B polymer-bonded magnets through a series of specified surface treatments and
techniques aimed at substantiating the proposed hypotheses. The process begins with wet
chemical modification and injection moulding, where magnetic powders are altered in a
pilot lab reactor to enhance their surface properties before being moulded into final magnet
shapes (Publication I). Following this, dry coupling agents are incorporated into the
magnetic powder and polymer blend, which is then extruded into filaments for FDM
printing, assessing the impact of these agents on the magnets' properties (Publication II).
Additionally, plasma treatments are employed, involving the application of radiofrequency
plasma to magnetic powders and low-pressure microwave plasma to polymers. This is
intended to enhance their compatibility and adhesion, which are crucial for the durability
of FDM-printed magnets (Publication III).

Applied surface treatments are in turn characterized by several advanced techniques in
developing an understanding of how they alter the physical and chemical properties of
these magnets and influence overall performance. Scanning electron microscopy (SEM)
with energy dispersive X-ray (EDX) spectroscopy (Publication I-1II) offering morphological
and elemental composition information. Fourier-transform infrared spectroscopy (FTIR)
helps in identifying specific bonding and functional groups (Publication I), while
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) evaluate
the thermal stability and crystallinity of the materials.

Further measurements include tests on magnetic properties using vibrating sample
magnetometry (VSM, Publication I) and tools such as a Helmholtz coil and permeameter
(Publications I-IIT). Mechanical integrity is tested through tensile and flexural strength
tests (Publications I and III), and environmental durability testing exposes the magnets to
severe conditions like thermal cycles and corrosive environments to gauge their functional
stability over time (Publications I-III). These comprehensive testing protocols ensure that
the magnets can maintain their magnetic properties under adverse conditions, providing a
robust validation of the surface treatments' effectiveness. More detailed parameters and
protocols are provided in the respective chapters of each publication.
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Chapter 3

Wet Chemical Modification

Publication I
A. Damnjanovié¢, I. Milosev, and N. Kovacevié¢, “Enhanced mechanical properties and

environmental stability of polymer-bonded magnets using three-step surface wet chemical

modifications of Nd-Fe—-B magnetic powder” Heliyon, vol. 10, no. 4, p. €26024, Feb. 2024,
doi: 10.1016/j.heliyon.2024.e26024

3.1 Introduction

In recent decades, polymer-bonded magnets based on Nd-Fe-B alloys have emerged as
highly promising materials with significant contributions to technological advancements.
They offer higher energy products in reduced volumes than conventional materials, making
them indispensable in modern technologies. These magnets are crucial in ‘green technology’
applications such as electric vehicles and wind turbines, which are vital for addressing
climate change concerns [70].

The manufacturing of PBMs involves mixing magnetic powder with a binder and using
either compression or injection moulding. Recently, additive manufacturing methods like
fused deposition modelling have also been utilised for fabricating PBMs [36], [77]. Injection
moulding, although requiring more polymer for better flow (35-40 vol.%), allows for
complex shapes but results in slightly reduced magnetic strength due to higher binder
content [78], [79]. PBMs offer greater design flexibility compared to sintered or hot-
deformed types and can be used in a variety of applications, from computer storage to
automotive products.

Depending on desired properties and final applications, various polymers can be utilised
as binders. The commonly employed binder is solid epoxy resin, owing to its convenient
moulding and processing characteristics in the industrial production of bonded magnets.
Nevertheless, the use of bonded magnets in advanced industries has been hindered by the
limited ability of epoxy binders to withstand high temperatures, resist corrosion, and
maintain satisfactory mechanical performance [80]. Regarding moldability and mechanical
strength, binder resins such as thermoplastic polyamide 12 are preferable because they
allow for higher filler loadings of up to 70 vol% [81], [82], [83]. Other polymers, such as
polyphenylene sulfide, offer advantages in terms of heat resistance but require a smaller
filler load [84]. Polyether ether ketone, utilised in space applications, complies with
stringent aerospace requirements by having high thermal stability, low outgassing, low
flammability, and high radiation resistance [41]. By selecting an appropriate binder
polymer based on desired properties and applications, enhanced performance and expanded
possibilities for bonded magnets can be achieved.
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However, there is a pressing need for more sustainable usage of PBMs, given their
susceptibility to oxidation and corrosion, which can shorten the lifespan of magnet
assemblies. One approach to enhance sustainability involves depositing functional coatings
on magnetic substrates. These coatings improve surface properties, including oxidation
resistance, mechanical strength, and electrical and thermal conductivity [85]. Another
strategy focuses on the compatibility between magnetic particles and polymers. Various
methods have been studied to improve this interaction, and silane coupling agents have
emerged as particularly effective. The silanes serve dual purposes: they facilitate the
mechanical bonding of magnetic powder and polymer and maintain desirable magnetic
properties and corrosion resistance.

Surface modification methods employing organo-silane coupling agents have attracted
significant attention because of their remarkable corrosion resistance and strong adhesion
properties. The primary chains of organic polymers, characterised by siloxane bonds (Si—
O-Si), possess higher bond energies than C-C and C-O bonds. The helical structure and
presence of organic groups within these bonds contribute to reduced intermolecular forces,
leading to decreased surface tension and enhanced water repellence. Coating agents with
the general formula R-Si—(OR’),, where R and R’ represent alkyl groups, and n is either
3 or 4, exhibit promising potential [86]. Applying a monolayer of the coating agent onto
the surface of the powder offers several advantages. First, it reduces the viscosity of
suspensions, resulting in improved dispersion. Second, it enhances the hydrophobicity of
the powder surface, leading to enhanced water repellence. Finally, it facilitates
compatibility with the polymer matrix by enabling chemical bonding between the powder
and the polymer through hydrogen or ionic bonds. These interactions strengthen the overall
adhesion between the coated powder and polymer matrix, thereby enhancing the
performance of the composite material [82], [87], [88]. Applying a silane coupling agent to
coat Nd—Fe-B powders offer the necessary resistance to oxidation and corrosion during
processing. Various silane agents can be utilised to treat the surface of Nd—Fe-B, such as
tetracthoxysilane  [55],  N-(2-aminoethyl)-3-aminopropyltrimethoxysilane  [54],  3-
aminopropyltriethoxysilane [89] and (3-glycidoxypropyl)trimethoxysilane [90]. These silane
agents play a crucial role in enhancing the stability and protective properties of the surface
of Nd-Fe-B powders, ensuring their suitability under the intended processing conditions.
In commercial applications, silanes are commonly mixed with magnetic powder in liquid
form to act as coupling agents. However, ensuring a homogeneous mixture throughout the
magnetic powder can be challenging. This study aims to evaluate a three-step surface
modification of Nd-Fe-B magnetic powder for its impact on the mechanical properties and
environmental stability of injection-moulded PBMs. Additionally, the variability in the
volume ratio of polymer to magnetic filler, as well as the use of diverse polymers,
fundamentally changes the mechanical properties and affects the environmental stability
and magnetic characteristics of these magnets. Therefore, to maintain the integrity and
specificity of our findings, we have consciously chosen not to use the work of other authors
for comparison in this study.

3.2 Materials and Methods

3.2.1 Materials

The magnetic filler used in this study was a commercial isotropic MQP B+ (— 150 mesh)
powder provided by Magnequench. MQP B+ powder, composed of an Nd-Fe—Co—B alloy,
was produced using a melt-spinning process, forming particles with an irregular flakelike
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morphology. As- received magnetic powder exhibited the following magnetic properties:
residual remanence within the range of 895-915 mT, coercivity between 716 and 836 kA /m,
and a maximum energy product of 126-134 kJ/m? [91]. Polyamide 12, a polymer binder,
was used in either powder or pellet form (Vestosint and Vestamid, respectively, from
Evonik, Italy). A phosphoric acid solution was employed as a first step, while tetraethyl
orthosilicate was utilised as a coupling agent. 3- aminopropyltriethoxysilane was grafted
onto the TEOS layer as the final modification step. Isopropyl alcohol (IPA) was used as a
dilution solution. All chemicals were supplied by Sigma-Aldrich (Slovenia).

3.2.2 Surface modification of Nd—Fe-B powder

Magnetic powder particles were coated using patented technology/procedure [92]. The
powder coating was performed using a Reactor-Ready pilot lab reactor (Radleys, UK),
which comprised a reaction vessel, an overhead polytetrafluoroethylene anchor stirrer, and
a vacuum-jacketed option connected to a Huber Ministat 230 thermoregulator/circulator.
The integration of these components enables rapid heating or cooling within the system,
which is essential for producing high-quality powder coatings.

The first step involved a phosphating treatment, wherein a mixed solution of 0.5 wt.%
phosphoric acid solution, 2.5 wt.% IPA and MQP B+ were added to the lab reactor and
stirred for 10 min in air at atmospheric pressure. The mixture was then heat-treated for 1
h at 80 °C and subsequently for 2.5 h at 120 °C. However, because the volume of the
solution was insufficient for a uniform dispersion, more IPA was added.

In the second step, a composite coating layer is obtained by adding a mixed solution of
0.7 wt.% TEOS, 0.30 wt.% phosphoric acid, 0.26 wt.% deionised water (DI), and 2.5 wt.%
IPA to the powder obtained in the previous step and mixed for 10 min. Because the volume
of the diluting solution seemed insufficient for a uniform dispersion, more IPA was added.
The obtained mixture was heat-treated for 1 h at 80 °C and subsequently for 2.5 h at 120
°C in air at atmospheric pressure while stirring.

In the final step, MQP B+ powder coated with a phosphate layer and a TEOS layer
from the first and second steps was subject to the silane coupling agent APTES, which
exhibits the best rust-prevention properties. The coated powder was mixed with a solution
of 0.5 wt.% APTES, 2.5 wt.% IPA, and 0.3 wt.% DI, stirred for 10 min in an air atmosphere
and then heat-treated while stirring at 100 °C for 1 h in the air at atmospheric pressure.

All powders obtained were cured in an oven at 100 °C for 1 h.

Several batches were produced to evaluate the differences that may arise between the
presence and absence of TEOS and APTES, respectively, as presented in Table 3.1. The
surface modification of the batch, subsequently employed in the industrial manufacturing
of PBMs, followed a three-step process, as illustrated in Figure 3-1.
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Figure 3-1: Schematic representation of the three-step surface modification process of the
batch MQP B+/H;PO./APTES.

Table 3-1: Overview of magnetic powder batches with different coating layers.

Batch name of magnetic powders  Surface modification

As-received MQP B+ none

MQP B+/H3PO4 phosphate coatings

MQP B+/H3P0O4/TEOS phosphate + TEOS coatings

MQP B+/H3PO4/TEOS/APTES phosphate + TEOS + APTES coatings
MQP B+/H3PO4/APTES phosphate + APTES coatings

3.2.3 Injection moulding of Nd—Fe—-B bonded magnets

PBMs were produced in manufacturing facilities at Kolektor KFH. Before injection
moulding, the magnetic powder was mixed with additives by combining 99 wt.% of filler
and 1 wt.% of additives for 2 min. Additives were added to provide a better dispersion of
the polymer, better flow properties, and less friction. This mixture was added to the first
dosage unit of the two-screw extruder in a 93 wt.%, and in the second dosage unit, 7 wt.%
of PA12. The temperature in the multibarrel zone extruder ranged from 160 °C to 230 °C.
The resulting mixture was kneaded, extruded, and cut into pellets.

Subsequently, the pellets were injection-moulded to produce the bonded magnets. The
temperature range in the injection moulding unit ranged from 230 °C to 295 °C, with the
pressure varying from 804 to 868 bar. PBMs were produced in the shape of cylinders and
dog-bone-shaped tubes. The total length of the test tube was 150 mm, with a 50 mm — test
section gauge length and 20 mm wide, whereas the injection-moulded cylinders were 10
mm X 9.9 mm. Dog-bone-shaped tubes were produced to evaluate mechanical properties,
whereas cylinders were used to evaluate environmental stability.
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Two batches were produced. The first batch included as-received MQP B+ powder and
PA12. Cylinders were made of as-received MQP B+ powder and PA12 powder, whereas
dog-bone-shaped-tubes from as-received MQP B+ powder and PA12 pellets. This is
because the manufacturing process was optimized for PA12 pellets, and only cylinders were
injection-moulded without defects with PA12 powder. Therefore, we used dog-bone-shaped
tubes from Kolektor KFH regular production, i.e., as-received MQP B+ powder bonded
with PA12 pellets. The second batch included MQP B+ powder, modified with phosphate
and subsequently with silanes, bonded with powdered PA12, and labelled modified MQP
B+/PAl2.

3.2.4 Characterisation

Different methods were used to characterise the surface of the as-received MQP B+ powder
and modified powder from batch MQP B+/HsPO,/TEOS/APTES and evaluate the
efficiency of the coating layers against corrosion. Fourier-transform infrared spectroscopy
was used to obtain the infrared spectrum of absorption of the as-received and coated
powders. FTIR spectra of samples were measured by PerkinElmer Spectrum 100, using an
attenuated total reflectance mode ATR sampling accessory.

Magnetic measurements of the uncoated and coated powders were performed using a
vibrating sample magnetometer (VSM, LakeShore 7307) at room temperature. All samples
were first magnetized before the VSM measurement. For this measurement, hysteresis loops
were plotted as magnetisation, M as a function of the applied field, and H (M — H loop).

The as-received and modified powders were subjected to thermogravimetric analysis to
determine the effect of temperature on the oxidation and corrosion susceptibility. TGA
tests were performed on the uncoated and coated samples using a Mettler Toledo
thermogravimetric analyser TGA/DSC1. The test conditions were the same for all samples
in the non-isothermal mode. The samples were heated from ambient temperature to 600
°C at a heating rate of 10 °C/min in the presence of air as the purge gas.

The surface morphology and chemical composition of the as-received and modified and
the injection-moulded magnets were determined using SEM coupled with EDX. SEM
images and EDS spectra were taken in secondary electron mode using Jeol-IT300 SEM
equipped with Oxford EDX at 15 keV energy beam (JEOL lItd). Samples were not
pretreated; they were fixed on carbon tape before analysis. Injection-moulded cylinders
were magnetized using an impulse magnetizer K-Series (MAGNET-PHYSIK) at a voltage
of 2000 V to saturate the samples. After magnetisation, residual remanence and intrinsic
coercivity were measured using a permeameter (PERMAGRAPH®, MAGNET-PHYSIK).

The magnetic flux of the magnetized cylinders was measured using a Helmholtz coil
(MS 75 with electronic Fluxmeter EF 14, MAGNET-172 PHYSIK), both before and after
subjecting them to environmental tests.

Mechanical testing was performed on five dog-bone-shaped specimens at room
temperature. The test specimens were injection moulded in specified dimensions according
to the standard ISO 527 for 1B type test specimens. Mechanical tests consisted of flexural
and tensile tests. The flexural test was conducted using a Zwick test machine (Z100)
following standard ISO 178:2001 at a test speed of 1 mm/min [93]. Tensile tests were
performed on the same test machine as a flexural test, with different setups, following ISO
527 [94]. The testing speed was 1 mm/min with a load cell of 100 kN.

3.2.5 Evaluation of environmental stability and corrosion resistance

The corrosion resistance of Nd—Fe—-B permanent magnets in humid and chloride-containing
environments was reported to be remarkably low [95], which is attributed to the reaction
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of the Nd-rich phase with H,O, resulting in the formation of Nd(OH)s; and causing
decohesion and dropout of magnetic grains [96]. Such functionality deterioration due to
corrosion undermines the strength of the magnets, leading to irreversible loss in flux and,
in severe cases, complete disintegration of the magnet.

In this study, the environmental stability and corrosion resistance of Nd-Fe-B magnets
were evaluated by measuring the flux loss after exposure to four test environments. The
percentage of irreversible flux loss after the tests and after the remagnetisation of samples
was calculated to assess environmental stability and corrosion resistance.

To examine the stability of the magnets in an aqueous environment, the magnetized
cylinders were immersed in deionized (DI) water at 120 °C and corrosive water at 95 °C
for 2000 h, respectively. The corrosive water immersion test was performed following
standard ASTM D1384 [97]. The loss of magnetic flux was measured at seven-day intervals
after the immersion processes.

For the bulk corrosion test, the cylinders were subjected to pressurized steam at 120
°C for 96 h to assess the material degradation under the combined effect of heat and water
vapour. To simulate the effects of rapid temperature changes that may occur during the
use of Nd-Fe— B magnets, cylinders underwent temperature shock in air, involving 900
cycles of exposure to temperatures ranging from —40 °C to +140 °C for 30 min each, with
a chamber transfer time of less than 10 s.

All the above-mentioned tests were performed on at least three magnetized cylinders
for each batch.

3.3 Results and Discussion

3.3.1 Characterisation of as-received and modified magnetic powder

In the referenced literature, an alkoxy oligomer capped with an alkoxysilyl group is
recommended for the coating treatment. Among the alkoxy groups, ethoxy groups are
preferred due to their reactivity and compatibility, which is why we selected tetraethyl
orthosilicate, which is a widely accepted choice in materials science for such applications
because of its ethoxy groups [92].

Additionally, for the final coating treatment, we selected APTES from the
recommended list of silane coating agents. APTES is renowned for its ability to enhance
the interface between polyamide matrices and inorganic materials through its reactive
amino and ethoxysilyl groups. These groups facilitate the formation of silanol groups that
can bond with substrate surfaces, thus improving filler dispersion and interfacial adhesion,
thus contributing to the mechanical robustness and stability of the composites [98].

Figure 3-2 compares the FTIR spectra, depicting the as-received and modified MQP
B+ powders and TEOS and APTES. The modified powder exhibits a band at
approximately 1100 cm™, indicating the presence of Si—-O-Si and Si-O—C bonds originating
from APTES on the powder surface (Fig. 3.2b). Moreover, an additional characteristic
band corresponding to C-H stretching from COC was observed at 2900 cm™' [99]. The
spectral bands observed on the surface of the modified magnetic powder are in line with
those derived from TEOS and APTES silanes (Figure 3-2a). This evidence supports the
presence of silane groups on the surface of the modified magnetic powder, thereby
confirming the successful implementation of the silane layer.

The results of the VSM measurements, as presented in Figure 3-3, demonstrated that
the intrinsic magnetic properties of the modified powders remained unaffected by the
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surface coating process. Specifically, the modified specimens exhibited magnetic
characteristics similar to those of the as-received powder. This observation was particularly
notable for the samples that underwent a three-step modification process, initially with
phosphate and subsequently with silanes, as their hysteresis loops overlapped with those
of the uncoated powder, confirming the preservation of their intrinsic magnetic properties.
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Figure 3-2: FTIR spectra comparison of as-received MQP B+ powder, modified MQP B+
powder, and liquid silanes TEOS and APTES, with a transmission scale up to 50% (a) and
FTIR spectra of as-received MQP B+ powder and modified MQP B+ powder with
transmission scale up to 5% (b).
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Figure 3-3: Hysteresis curves obtained via VSM measurements for the as-received and
different batches of modified MQP B+ powder.

The advantageous effects of applying the powder coating are depicted in Figure 3-4,
which shows the TGA curves. It is evident that the initial weight gain began simultaneously
for all samples and increased with temperature over time. The observed increase in the
weight can be attributed to the formation of oxidation products during the measurement
process. Notably, powders with distinct coating layers exhibited diverse behaviours. The
TGA curve demonstrated the highest weight gain of 1.7% for the as-received powder.
Conversely, the MQP B+/H3;PO,/TEOS/APTES sample, where the powder was
phosphatized to improve the adhesion of silane layers, followed by TEOS coating and
subsequent grafting of APTES, exhibited the lowest weight gain of 0.7%. These findings
suggest that this specific composite coating improves thermal stability for the Nd-Fe-B
powders. Consequently, it was selected as the feedstock material for industrial-scale
injection moulding, and the moulded samples were subsequently subjected to further
evaluation.
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Figure 3-4: TGA curves illustrate weight gain (y-axis) over time with increasing
temperature (x- axis) for different batches of MQP B+ powder. The bar represents a scale
reference for the y- axis.

The morphologies and compositions of the as-received and modified MQP B+ powders
were investigated using electron microscopy with chemical analysis (SEM-EDX). The SEM
micrographs presented in Figure 3-5 highlight the effects of the melt-spun process, which
resulted in the formation of irregularly shaped flake-like particles with noticeable melting
traces and an uneven surface. The melt-spun process is followed by crushing, leading to
the blocky morphology observed in the MQP B+ powder. To assess the elemental
composition of the powders, the as- received samples and the modified MQP B+ powder
were compared. As indicated by the elemental distribution in Table 3-2, there is a minor
presence of P, N, and Si on the surface of the modified MQP B+ powder, originating from
the coating layers.
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Figure 3-5: SEM images comparing as-received MQP B+ (a) and modified MQP B+ (b)
powder. Areas where EDS analysis was conducted are denoted by enumerated rectangles;
the results are given in Table 3-2.

Table 3-2: The elemental compositions (wt. %) of the as-received MQP B+ powder and
modified MQP B+ powder were determined by EDX spectrum analysis (SEM images in
Figure 3-6).

Spectrum label As-received MQP B+ powder Modified MQP B+ powder

Sp. 3 Sp. 4 Sp. 7 Sp. 8
Nd 28.2 28.0 28.0 27.4
Fe 65.5 65.5 63.5 63.9
Co 5.3 5.5 5.5 5.4
O 1.0 1.0 2.0 2.3
P / / 0.3 0.3
Si / / 0.5 0.6
N / / 0.2 0.1
Total 100.0 100.0 100.0 100.0

3.3.2 Injection-moulded magnets characterisation

The results of the magnetic measurements are summarized in Table 3-3. The intrinsic
characteristics of the material, such as the coercivity, are influenced by the composition of
the initial material. The obtained H. values for injection-moulded cylinders align with
those of the as-received powder. For the 65% volumetric loading of the magnetic filler
utilised in our study, the expected remanence value was 585 mT. The injection-moulded
cylinders achieved 83% of their theoretical B, values. However, it should be noted that
polymer binders are typically used in the form of pellets during the manufacture of magnets
in an industrial setting. The lower B, values observed in this study may be attributed to
the suboptimal parameters employed for injection moulding using powdered polymer
binder. The coating layers did not diminish the magnetic properties, as evidenced by the
VSM hysteresis analysis of the modified and as-received powders (Figure 3-3). The
remanence (B,) and energy product (BH,.x) remained similar for both the modified and
non-modified batches, providing further confirmation from previous VSM measurements.
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Furthermore, as mentioned earlier, test dog-bone-shaped tubes produced from the MQP
B+4/PA12 batch exhibited defects and were unsuitable for mechanical testing. Owing to
the lack of optimisation in the injection moulding process, the production of defect-free
test dog-bone-shaped tubes from the unmodified material failed. Conversely, the successful
manufacturing of such tubes was achieved with the modified material, supporting the
notion that the surface treatment of powders enhances powder fluidity by reducing the
friction between the magnetic powder and the polymer, which is aligned with the previous
study [58].

Table 3-3: Measured magnetic properties of injection-moulded samples (with a minimum
of three samples per measurement).

Batch B, [mT] H. [kA/m] BH,u [kJ/m?]
As-received MQP B+ 895-915 716-836 126-134
MQP B+/PA12 486 £1.3 719 £2 39.3 £0.2

Modified MQP B+/PA12 487.6 +£0.8 727.2 +2  39.3 £0.2

The surface characteristics of the injection moulded cylinders from both batches are
depicted in Figure 3-6, revealing no apparent contrast between the two. Notably, the
homogeneity and distribution of magnetic particles within the polymer matrix were
remarkably similar. The elemental compositions (wt.%) of the major elements detected on
the surfaces of the magnetic powders and polymer in the cylinders are presented in Table
3-4 and Table 3-5. In Table 3-5, the absence of Si and P on the magnetic component
surface, compared to their presence on the polymer surface in the polymer matrix, suggests
the incorporation of some coating material into the polymer matrix throughout the
moulding process. The concentrations of Nd and Fe in the magnetic portion of the cylinders
in both batches were comparable. A higher concentration of C suggests that applying the
coupling agent TEOS and the subsequent grafting of APTES onto the TEOS layer
improved the adhesion between the modified magnetic powder and the polymer matrix. As
a result, the higher carbon concentration primarily originates from the polymer matrix that
encapsulates Nd-Fe—B particles.
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Figure 3-6: SEM images of the injection-moulded cylinders produced from as-received (a)
and modified (b) MQP B+ powder, both bonded with PA12. Areas where EDS analysis
was conducted are denoted by enumerated rectangles; the results are given in Table 3-4
and Table 3-5.
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Table 3-4: The elemental compositions (wt.%) of the injection-moulded (IM) cylinders
produced from as-received MQP B+ powder, bonded with PA12 (SEM image in Figure

3-6a).

Spectrum label MQP B+ powder in IM cylinder PA12 matrix

Sp. 6 Sp. 7 Sp. 8 Sp.9 Sp. 10
C 4.5 5.0 4.7 184 728
O 1.2 1.5 1.4 2.5 4.4
Fe 62.2 61.8 62.1 51.6  14.8
Co 5.0 5.2 5.1 4.3 1.1
Nd 27.1 26.5 26.7 232 6.9
Total 100.0 100.0 100.0 100.0  100.0

Table 3-5: The elemental compositions (wt.%) of the injection-moulded (IM) cylinders
produced from modified MQP B+ powder bonded with PA12. (SEM image in Figure 3-
6b).

Spectrum label Modified MQP B+ powder in IM cylinder PA12 matrix

Sp. 19 Sp. 20 Sp. 21 Sp. 22 Sp. 23
C 7.5 7.1 9.5 68.7 72.6
O 2.6 2.2 2.1 5.1 8.9
Si / / / 0.7 0.5
P / / / 1.0 0.6
Fe 58.8 59.6 58.5 15.8 11.8
Co 5.0 5.1 4.6 1.1 /
Nd 26.1 26.0 254 7.6 5.6
Total 100.0 100.0 100.0 100.0  100.0

3.3.3 Mechanical properties

The obtained mechanical test results, as depicted in Figure 3-7, clearly indicate the
effectiveness of the silane coating layers in improving the mechanical properties of the
injection-moulded dog-bone-shaped tubes. Specifically, the modified MQP B+ /PA12 batch
exhibited significantly higher tensile strength, elongation at break, and elastic modulus,
with improvements of 62%, 16.7%, and 19.9%, respectively, when compared to the MQP
B+/PA12 batch. Moreover, the modified batch also demonstrated a noteworthy 51.9%
increase in flexural stress during flexural testing. These results validate the successful
enhancement of molecular interaction between the inorganic component (Nd-Fe-B) and
the organic component (PA12) through three-step modification.
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Figure 3-7: Results of tensile testing for modified MQP B+4/PA12 powder and MQP
B+/PA12 batches: (a) Tensile strength at break (MPa), (b) Elongation at break (%), (c)
Elastic modulus (MPa), and (d) Flexural testing.

3.3.4 Environmental stability and corrosion resistance

Flux loss in magnetic materials can be divided into reversible, recoverable irreversible, and
structural loss. Reversible flux loss, highly dependent on temperature, can be reverted by
cooling the magnet, while irreversible flux loss involves persistent changes that do not
revert to their initial state even after removing the perturbing factor. The reversible and
irreversible flux losses were assessed on injection-moulded cylinders of modified MQP
B+/PA12 and MQP B+/PA12 batches. These cylinders were exposed to four distinct
scenarios; the results are presented in Table 3-6. The flux loss over 2000 h in this corrosive
environment is depicted in Figure 3-8. Figure 3-9 provides a graphical representation of
the flux loss as a function of time exposure to temperature shocking in air over 900 h. The
observed slight increase in flux loss after 300 h aligns with the + 1% precision of the
Helmholtz coil measurement, underscoring the material's thermal stability (Figure 3-9).
This change confirms the material's capacity to sustain a stable magnetic domain
arrangement even under sustained thermal stress. The conditions of water immersion,
BCT, and temperature shocking resulted in acceptable flux loss values for both batches.
Interestingly, the batch of modified MQP B+/PA12 showed no irreversible flux loss in all
three tests, while the MQP B+/PA12 batch showed minor irreversible flux loss of 0.5% in
water immersion and 1.5% in temperature shock. This suggests that injection-moulded
magnets made from MQP B+ bonded with PA12 are well-suited for applications that
involve water immersion or diverse temperature conditions in dry air. Additionally,
utilizing modified powder can extend the magnet's lifespan due to reduced flux loss. This
correlates with TGA results, which reveal better oxidation resistance for modified powder
than as received MQP B+.
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However, a significant flux loss was noted in the test scenario involving immersion of
the cylinders in corrosive water at 95 °C for 2000 h. Both batches exceeded the 5% flux
loss limit, indicating the unsuitability of these magnets for applications involving aqueous
media containing salts. A significant highlight is that the batch made from modified MQP
B+ showed lower flux loss than that made from as-received powder. This indicates that
the anti-oxidation property can be improved by treating the magnetic powder with

phosphoric acid before applying silane treatment using TEOS and subsequent grafting of
APTES.

Table 3-6: Overview of different environmental stability tests to which modified MQP
B+/PA12 and MQP B+/PA12 batches were exposed.

Test Sample Reversible Irreversible .
Test name ) Rusting
temperature/Duration  name flux loss [%]  flux loss [%)]
Modified
I . MQP 0.7 0 Low
HHRCISIOn 1 120 °C/2000 b B+/PA12
water MQP
2.9 0.5 Low
B+ /PA12
Modified
I . MQP 9.8 5.9 Severe
HmETSIon 95 °C/2000 h B+ /PA12
corrosive water
MQP 12.1 7.4 S
. . evere
B-+/PA12 ver
Modified
Bulk : MQP 1.5 0 Severe
HHE COTTosIon 120 °C/96 b Bt /PA12
test MQP
2.0 0 S
B+/PA12 evere
Modified
. t MQP 0.4 0 Low
emperature
perati _40/140 °C/2000 b B /PAI2
shocking
MQP
2.9 1.5 Low

B+/PA12
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Figure 3-8: Flux loss of injection-moulded cylinders versus time exposure to corrosive water
at 95 °C for 2000 h and after final remagnetisation.
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Figure 3-9: Flux loss of injection-moulded cylinders versus time exposure to temperature
shocking on air, to temperatures ranging from —40 °C to +140 °C, for a total of 900 h.

3.4 Conclusions

The main objective of this study was to evaluate the three-step surface modification on
magnetic powders and the mechanical properties and corrosion resistance of polymer-
bonded magnets. The FTIR and SEM-EDX analyses confirmed the successful coverage of
the silane coating on the surface of the modified MQP B+ powder, as indicated by the
presence of stretching vibrations associated with Si—-O-Si and Si-O—C bonds, and the
detection of Si, N, and P elements. Furthermore, VSM measurements demonstrated that



32 Chapter 3. Wet Chemical Modification

the presence of the coating layer did not diminish the magnetic properties of the modified
powder.

The modified bonded magnets exhibited lower irreversible flux loss than the non-treated
batch in various environments, including water immersion at higher temperatures, exposure
to pressurized steam during the BTC test, and temperature shock. However, a significant
flux loss was observed when the cylinders were immersed in corrosive water, exceeding the
5% flux loss limit for both batches. These findings suggest that applying a composite silane
coating to MQP B4 powder can result in minimal or reduced flux loss in applications
involving water immersion or diverse temperature conditions in dry air, compared to non-
treated MQP B+ magnets.

Regarding mechanical properties, the flexural and tensile test measurements
demonstrated that the presence of the silane coating significantly increased the flexural
and tensile strength of the modified bonded specimens.

In summary, applying a silane coating on the magnetic filler successfully enhanced the
adhesion between the filler and polymer in the polymer matrix and improved corrosion
resistance. The modified bonded magnets demonstrated lower irreversible flux loss and
enhanced mechanical properties compared to the non-treated material.
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A. Damnjanovi¢ and N. Kovacevié, “Influence of Magnet Particle Shape on Magnetic and
Environmental Stability of FDM Polymer-Bonded Magnets,” Materials, vol. 16, no. 8, p.
2993, Jan. 2023, doi: https://doi.org/10.3390/mal6082993

4.1 Introduction

Permanent magnets based on rare-earth materials are an indispensable component of
modern technology. Not only do they provide higher-energy products than alnico or ferrite
magnets, but they are also able to achieve this with less volume. They are the core of green
technologies, such as hybrid and electric vehicles and wind turbines. Permanent magnets
are most commonly manufactured using formative technologies, where magnetic powders
can be compacted by sintering. Sintered magnets are known for their high-energy products
but are prone to corrosion. Polymer-bonded magnets can be formed by applying pressure
and high temperatures to the feedstock material by compression moulding, extrusion,
injection moulding, or calendering processes. The feedstock material consists of a magnetic
powder and a polymer binder. PBMs have some advantages over sintered magnets, as they
can be easily fabricated into a near-net shape and have good mechanical properties.
However, owing to the presence of the polymer, the magnetic properties of PBMs are lower
than those of sintered magnets. A decrease in the remanence and energy of the product is
linked to the amount of polymer used, as well as to the presence of pores and internal
magnetic shear loss [1].

The major advantage of compression moulding is that it allows for a high magnetic
filler loading. In the case of epoxy-bonded Nd-Fe-B magnets, the loading of the magnetic
filler can be up to 98.5 wt.%. However, a disadvantage of compression moulding is that
only simple geometries can be produced. On the other hand, injection moulding can
produce complex shapes, although it requires specific tooling, which is costly [101]. Additive
manufacturing technologies are promising solutions for overcoming the problem of
expensive tooling. AM is a technology in which the desired shape is achieved by the
successive addition of feedstock material, usually in a layer-by-layer manner [16]. With AM
technology, there is great freedom in producing complex geometries, which enables the
production of lighter parts. In the automotive industry, this feature is extremely important
from both the environmental and economic perspectives. With lighter vehicles, fuel
consumption and carbon emissions are reduced. Another economic aspect is that in additive
technologies, material is built up and not removed, resulting in reduced material
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consumption. This is particularly significant for critical raw materials, such as magnetic
powders based on rare-earth elements.

Material extrusion is by far the most commonly used AM technology. Common names
include fused deposition modelling and fused filament fabrication. In FDM, the feedstock
material is in the form of a thermoplastic filament. The filament is loaded into the extruder,
where it is heated, melted, and deposited through the nozzle head on the printer bed.
Initially, filaments were made from various thermoplastic polymers. For instance, studies
have been conducted on optimizing printing parameters to achieve tailored mechanical
properties of composites based on polylactic acid and thermoplastic polyurethane [102],
[103]. Furthermore, the utilisation of statistical evaluations to optimize process parameters
for thermoplastic polymers can lead to achieving the best objective function [104]. Adopting
a statistical approach in this regard can offer a time-saving advantage compared to
experimental approaches. In recent years, FDM objects have been successfully printed
using filaments made from composites, metals and alloys, ceramics, concrete, and
biomaterials [15]. Magnetic fillers in PBMs can be bonded with various polymers depending
on the final application. To date, FDM magnets have been printed in which an Nd-Fe-B
powder is bonded with polyamide 11 [105], polyamide 12 [35], polyphenylene sulfide [39],
ethylene ethyl acrylate [106], thermoplastic polyurethane [38], and polyether ether ketone
[40]. The filament was also manufactured from a multicomponent system of
polyoxymethylene as a dominant binder, mixed with spherical Nd-Fe-B powder and
compounded Nd-Fe-B/polyamide 12 pellets [42]. Besides filaments, PBM can be extruded
from slurries made of thermosetting epoxy resin [33Jor photopolymer resin [107]. In this
case, the FDM printing is coupled with UV curing. The manner in which the filaments are
fused layer by layer causes most FDM objects to be anisotropic and not fully dense.
Typically, there is a weaker bond and strength along the plane of the layer interface on a
printed object [34].

The manufacturing of filaments is one of the greatest challenges in FDM. The filament
for FDM needs to be extruded within a certain diameter and ovality tolerance to be
printable at a constant flow rate over time. The filament needs to be stiff yet flexible
enough to be spooled during filament production and despooled during printing. Finally,
it must be homogenous. A complex filament production process can be avoided in big-area
additive manufacturing (BAAM). BAAM is a material extrusion-based AM technology
that uses pre-compounded materials in the form of pellets. BAAM is intended for printing
very large objects, has a lower resolution, and is expensive. BAAM-printed Nd-Fe-
B/polyamide 12 magnets exhibit better magnetic properties than injection-moulded
magnets [35].

An important characteristic of PBMs, in addition to having a high remanence and
energy product, is their long-term stability and their ability to resist demagnetisation,
which consequently affects magnet performance during operation. Exposure to high
temperatures or environmental degradation by corrosion leads to demagnetisation. It is
certainly important to consider corrosion resistance when selecting PBMs for use in harsh
environments, especially in the automotive industry, where components are subjected to a
wide range of conditions.

In addition, there is an interference adhesion problem. Conventional methods to
improve adhesion in polymer-bonded magnets include the surface treatment of the
magnetic powder. For instance, passivation pre-treatment, such as phosphatising [55] or
chromatisating [90], followed by coating magnetic powders in an aqueous solution of silanes
[54], [55], [82], [90]. These processes are performed via wet chemistry routes, which can be
time-consuming and challenging to apply on a production scale. In this study, to improve
the adhesion between the magnetic powder and the polymer binder, we decided to use all
components in the same physical state.
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We have investigated the influence of the magnetic particle shape as well as the
magnetic filer fraction on the magnetic and mechanical properties and environmental
stability of PBMs. To improve the adhesion between magnetic filler particles and polymer
binder, all feedstock material was applied in powder form. Furthermore, alternative
additive manufacturing was compared with the traditional production injection moulding
technique.

4.2 Materials and Methods

4.2.1 Filament extrusion of Nd—Fe-B bonded with polyamide 12

Two commercial isotropic magnetic powders based on Nd-Fe—-Co-B alloys were used for
the FDM printing of the specimens. Both powders were provided by company
Magnequench. MQP B+ powder (—150 mesh), based on a Nd-Fe-Co-B alloy, was
produced using a melt-spinning process, generating particles with irregular flake-like
morphology. MQP B+ powder has a particle-size distribution predominantly below 90
micrometers, denoted by the negative sign before “150 mesh”, indicating that the powder
particles were smaller than the mesh size. The MQP S powder, based on a Nd—Pr-Fe—Co—
Ti—Zr-B alloy, was produced by gas atomisation; thus, the particles had a spherical
morphology. The MQP S powder has a ds, value of 30-55 micrometers, signifying that half
of the particles were larger than this range while the remaining half were smaller. MQP S,
being less coarse, is suitable for manufacturing bonded magnets, particularly by injection
moulding, extrusion, and calendering, owing to its superior flowability [108]. The properties
of the Nd-Fe—B powders are summarized in Table 4-1. MQP B+ has higher initial magnetic
properties, which makes it more attractive for certain applications despite its potentially
lower flowability compared to MQP S. Polyamide 12, a polymer binder, was used in the
powder form (Vestosint, Evonik, Pandino, Italy). Magnetic and polymer powders were used
as received without preconditioning, in other words, without drying, sieving, magnetizing,
etc.

Table 4-1: Magnetic properties of the as-received Nd-Fe-B powders (source material
datasheet: https://mgitechnology.com/products/bonded-neo-powder ).

Magnetic Residual induction,  Intrinsic coercivity, He Energy product,
powder B: [mT] [kA /m] BHuax [kJ/m?)
MQP S 730-760 670-750 80-92

MQP B+ 895-915 716-836 126-134

The amount of Nd-Fe-B powder in the bonded magnet is directly responsible for its
magnetic and mechanical behaviours of bonded magnets. However, a higher content of
magnetic filler may change the rheology of the polymer melt during the process and
subsequently affect the mechanical properties of the bonded magnets. That is why this
study utilized two different polymer loadings of 7 and 10 wt.%.

Because of the poor adhesion between the inorganic filler and the organic polymer
matrix, titanium triisostearoylisopropoxide (TTS, Ken-React® CAPOW® KR* TTS/H) was
added to the filler as a powdered coupling agent. The role of T'TS is to provide a molecular
bridge at the interface between two substrates [109]. The magnetic filler was premixed in
a kitchen blender with 1 wt.% TTS. After one minute of mixing, 0.2 wt.% zinc stearate
(Sigma-Aldrich, St. Louis, MO, USA) and 0.5 wt.% stearic acid (Sigma-Aldrich) were



36 Chapter 4. Dry Coupling Agent

added and mixed for one minute. Because the former acts as an external lubricant, whereas
the latter serves as an internal lubricant, they were added to reduce the powder surface
friction and protect the extruder parts [110]. The final step involved blending a suitable
amount of PA12 with a pre-prepared premix of magnetic powder and additives. The
mixture was homogenized for two minutes.

Filament extrusion was achieved using a single-screw extruder (Linden IIKA). Inside
the extruder vessel, there were double Z blades for kneading and homogenizing the
material. The extruder was purged with a Dyna-Purge*E2 cleaning mass between batches
to prevent contamination of the subsequent batch. The premixed filler, additives, and
polymer were flood-fed into the vessel and kneaded for 30 min at temperatures between
185 °C and 200 °C. The feedstock material was mixed, melted, and extruded through a die
with a diameter of 1.8 mm. The filament was cooled using compressed air at the conveyor
belt. The diameter of the filament was manually measured with a calliper at the end of the
conveyor belt. It was kept in the range between 1.7 and 1.8 mm by adjusting the speed of
the conveyor belt. Table 4-2 provides a summary of four batches that were extruded into
printable filaments, while Figure 4-1 depicts a schematic representation of the
manufacturing process involved in the production of filaments and FDM printing,.

Table 4-2: Composition of the prepared filaments.

Sampl Nd-Fe-B Nd-Fe-B PA12
e powder [wt.%]  [vol.%|*  [wt.%]  [vol.%)]
S90/1 Spherical 90 57.1 10 41.6
0
S93/7 Spherical 93 66.1 7 32.6
B90/1  Irregular shape 90 56.5 10 65.5
0
B93/7  Irregular shape 93 42.2 7 33.2

*Including added additives and excluding estimated void of 1.3%.

nmixing one minute mixing one minute mixing two minutes
\ R ( NdFeB
NdFeB o
NdFeB' powder + powder/Coupling powder/C_oupImg
Coupling agent e e agent/lubricants +
) g ) | Polyamide 12
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|
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kneading the mix for |
30min at 200 °C in
one screw extruder
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Figure 4-1: Schematic representation of the production processes for filaments and FDM
printing.
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4.2.2 Additive manufacturing of permanent magnets

In FDM printing, nozzle clogging can lead to interruptions in the printing process,
rendering it impossible to clean the nozzle and resume printing on the same sample. This
issue is particularly pronounced when dealing with highly filled filaments, such as those
utilized in our study. As a result, our foremost goal was to ensure the uninterrupted
printing of each sample. Therefore, the determination of printing parameters was driven
by the need to sustain continuous FDM printing while avoiding any nozzle-clogging
complications. For the FDM extrusion of the bonded magnets, a commercial desktop
Craftbot Flow XL 3D printer was used. The filaments were extruded at 250 °C, and the
printing speed was 10 mm/s. The printing platform was heated to 70 °C to ensure
additional adhesion of the extruded material. To avoid clogging during material extrusion,
a nozzle head with a 0.8 mm diameter was chosen. The height between the nozzle head
and the printing bed was set to 0.2 mm. The samples were printed in the shape of cylinders
(10 mm x 7 mm). All specimens were printed horizontally on the building platform with
a raster angle of +45°/—45° in alternate layers and 100% infill density. Cylinders were
printed with two different layer thicknesses, 0.1 and 0.2 mm, to evaluate the influence of
the layer thickness on the final density and porosity of the printed samples. Table 4-3
presents an overview of the essential printing parameters employed for fabricating each
sample, while Figure 4-2 depicts the spooled filaments and the printed samples.

Figure 4-2: Extruded filament for FDM and FDM-printed samples in the form of cylinders
and dog-bone-shaped test tubes.

Table 4-3: Overview of printing parameters.

Printing parameter Value [unit]
Nozzle temperature 250 °C
Printing speed 10 mm/s
Platform temperature 70 °C
Nozzle head diameter 0.8 mm
Raster angle +45°/+45°
Infill density 100 %

0.1 mm

Layer thicknesses
0.2 mm
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4.2.3 Injection moulding of Nd—Fe-B bonded with polyamide 12

Feeding pellets for injection moulding (IM) were made from filaments by crushing them
into 5 to 10-mm pieces. The injection-moulded magnets were manufactured using Krauss
Maffei KM50-190 at the manufacturing facilities at Kolektor KFH (Slovenia). The
temperature range in the injection moulding unit ranged from 230 °C to 295 °C, with the
pressure varying from 804 to 868 bar.

4.2.4 Characterisation

Scanning electron microscopy coupled with energy dispersive X-ray analysis (JSM-IT300,
JEOL SEM equipped with Oxford EDX at 15 keV energy beam) was used to analyse the
shape and elemental composition of the as-received Nd—Fe-B powders. SEM images of the
filaments were used to analyse the distribution of the filler particles in the polymer matrix.
EDX was used to determine the elemental composition of the filaments and at the fracture
of broken dog-bone-shaped tubes made from filament S90/10.

To evaluate the temperature stability and filler content in the filaments,
thermogravimetric analysis was performed using TGA/DSC 1 (Mettler-Toledo GmbH,
Ljubljana, Slovenia). The filament samples were heated in air to 600 °C at a heating rate
of 10 °C/min.

Differential scanning calorimetry was used to evaluate the thermal stability of filaments
and the influences of additives and fillers. The tested samples were heated and cooled in a
thermal analyser apparatus (Mettler Toledo DSC1 STARe System). The first cooling run
and second heating run were evaluated. The samples were heated from 25 °C to 480 °C at
a rate of 10 °C/min in an air atmosphere to determine melting behaviour. The cooling
cycle run between two heating cycles, from 200 °C to 30 °C at a rate of 10 °C/min in an
air atmosphere, was carried out to determine cold crystallisation. The degree of
crystallinity, X. [%], was calculated based on the formula:

AH,,

~ (1 —wy) x AH,

x 100,

c

(4.1)

where AH,, [J/g] is the melting enthalpy of filaments after the second heating, wy is the
weight fraction of the filler [%], and AH, [J/g] is the melting enthalpy [J/g] of 100%
crystalline PA12 (245 J/g [38], [111]).

The rheological properties of the filaments were evaluated by measuring the melt flow
index (MFT; LMI5000 Series, Dynisco). The filaments were cut into granules, and 30 g of
each batch was fed into an MFI capillary and preheated to 260 °C. The melt time was set
to 120 s, and a 5 kg load was applied.

The density of the printed cylinders was measured based on Archimedes’ principle using
an analytical balance (XP205 by Mettler-Toledo GmbH). The measured densities were
compared with the expected calculated densities. The expected density was calculated using
the rule of mixtures, excluding void formation:

Pcalculated =
Priller X VOl%f¢ilier + Padd1 X VOl%add + Paddz X V0l%addz + Padd X VOl%add3+ Ppolymer X VOl%polymer

100 ’

where labels add,, add., and add, refer to the following additives: coupling agent, internal
lubricant, and external lubricant, respectively.

(4.2)
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Porosity was evaluated using the following equation:

) _ Pcalculated — Pmeasured

Porosity(% x 100, (4.3)

Pcaiculated

FDM-printed cylinders were magnetized using an impulse magnetizer K-Series
(MAGNET-PHYSIK) at a voltage of 2000 V to saturate the samples. After magnetisation,
the residual remanence and intrinsic coercivity were measured using a permeameter
(PERMAGRAPH®, MAGNET-PHYSIK). The measured residual remanence was
compared with the theoretical value. The theoretical value of B, was calculated using the
following formula:

0fy ..
_ vol% filler
Brtheorethical - 100 Bras—received powder

(4.4)

The magnetic flux was measured using a Helmholtz coil (MS 75 with electronic
Fluxmeter EF 14, MAGNET-PHYSIK) before and after exposure to different
environmental tests.

4.2.5 Environmental stability

The environmental stability of FDM-printed PBMs was studied using potential
environmental stresses, i.e., accelerated hot aqueous immersion, dry heat, and cyclic
temperature-humidity corrosion tests. The goal of these tests was to evaluate the effects
of moisture, the presence of aggressive ions, and temperature on the flux loss. Tests were
performed with at least three samples.

Cylinders from batches B93/7 and S93/7, with a layer height of 0.1 mm, were immersed
in deionized water at 85 °C for 1000 h to evaluate the influence of water absorption on flux
loss. Cylinders from batches B90/10 and S90/10 with layer heights of 0.1 mm were
immersed in corrosive water at 95 °C for 1000 h. A solution of corrosive water was prepared
according to the standard ASTM D1384 [97]. Sodium salts were dissolved in 1 L of
deionized water. The exact amount of sodium salts can be found in Table 4-4.

Table 4-4: Chemical composition of the corrosive water solution.

Compound Concentration [mg/L]

NaQSO4 148
NaCl 165
NaHCO;3 138

To evaluate the effect of hot air, cylinders from batches B93/7 and S93/7, with a layer
height of 0.1 mm, were exposed to dry air at 85 °C for 1000 h. Cylinders from batches
B93/7 and S93/7 with a layer height of 0.1 mm were subjected to the bulk corrosion test
according to ASTM A1071/A1071M-11 [112]. In the BCT test, the samples were exposed
to pressurized steam to determine their resistance to degradation by the combined action
of heat and water vapour. The samples were placed on top of glass, filled with demineralised
water, and then placed in autoclaves at 120 °C for 96 h. Water in the glass created 100%
relative humidity at a pressure of 200 kPa. Four cylinders from batches B93/7 and S93/7
with a layer height of 0.2 mm were exposed to a humidity cyclic test according to IEC-
60068-2-38 [113]. The samples were kept in the environmental chamber for 10 cycles, with
each cycle lasting 24 h. The first five cycles were a cold phase with a low temperature of
10 °C, and the five following cycles did not include a cold phase at a high temperature of
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+65 °C. The humidity cyclic test is an environmental test used to evaluate the performance
of materials and components under conditions involving changes in temperature and
humidity. The test is designed to simulate real-world conditions and identify defects that
may be caused by “breathing”, which is the movement of air or moisture in and out of a
material or component. This can occur when the temperature on the surface of the material
is lower than the dew point, resulting in condensation. As the temperature changes, the air
inside the material expands and contracts, which can cause air or moisture to enter through
the cracks or gaps. Over time, this can lead to water accumulation inside the material,
potentially causing damage or failure.

The magnetic flux was measured using a Helmholtz coil before testing. The magnets
were moved and cooled at the end of each test, and the reversible flux loss was measured.
The samples were saturated again to determine the irreversible flux loss, and the flux was
measured.

4.3 Results and Discussion

4.3.1 As-received magnetic powder characterisation

The morphology of the as-received MQP S and MQP B+ powders was examined using
SEM. The SEM micrographs in Figure 4-3 show the effects of the different manufacturing
methods. The melt-spun process produced irregularly shaped flake-like particles. The melt-
spun process is followed by crushing; therefore, the MQP B+ powder has a blocky
morphology. Gas atomisation produces spherical particles with smooth surfaces. For the
MQP B+ powder, a brittle nature can be observed. The SEM micrographs in Figure 4-3
show filler particles inside the polymer matrix in filaments. In filament B90/10, few MQP
S particles were observed because of the difficulty in thoroughly cleaning the extruder. In
the subsequent subsection, the elemental composition of the as-received powders is
discussed and compared with the elemental composition obtained for the magnetic portion
of the filament.

Electron Image 1 Electron Image 13

e —

25um 50 pm

Figure 4-3: SEM micrographs of the as-received MQP S particles (a) and MQP B+ particles
(b).
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4.3.2 Filaments characterisation

The surface features of filaments S90/10 and B90/10 are shown in Figure 4-4, indicating a
contrast between the two. The former exhibits a relatively smoother surface texture owing
to the finer magnetic particles used in its production. Conversely, the latter presents a
more pronounced '‘shark skin'' appearance attributed to using coarser magnetic particles.
Table 4-5 and Table 4-6 show the elemental compositions (wt.%) of the major elements
detected at the surface of the as-received powders and filaments S90/10 and B90/10. The
concentrations of Nd and Fe in the magnetic part of the filament were lower than those in
the starting alloy, and the concentration of C was high. A high concentration of C could
mean that the coupling agent TTS improved the adhesion between the filler and the
polymer. Thus, a high C concentration originates from the polymer that encapsulates the
Nd-Fe-B particles.

Lens: Z§20:X100
Magnification: X100.0

Lens: Z$20:X30
Magnification: X30.0

Figure 4-4: SEM micrographs of filament S90/10 (a) and filament B90/10 (b), showing
Nd-Fe-B particles dispersed in the polymer matrix.

Table 4-5: Elemental composition (wt.%) of the as-received MQP S powder and filament
$90/10.

Spectrum  As-received MQP MQP S powder in filament PA12  matrix in

label S powder 90/10 filament S90/10
Sp. 1 Sp. 2 Sp. 13 Sp. 14 Sp. 15 Sp. 16 Sp. 17
Fe 71.0 73.7 27.1 26.1 26.2 8.4 6.9
Nd 17.3 17.2 7.0 6.9 6.5 2.3 1.8
C / / 56.6 07.6 58.1 75.8 77.5
0 / / 6.4 7.0 6.6 12.3 12.7
Ti 2.3 2.1 0.9 0.9 0.9 0.5 0.4
VAs 6.4 3.8 2.0 1.5 1.7 0.7 0.7

Co 3.0 3.2 / / / / /



42 Chapter 4. Dry Coupling Agent

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 4-6: Elemental composition (wt.%) of the as-received MQP B+ powder and filament
B90/10.

Spectrum  As-received MQP MQP B+ powder in filament  PA12 matrix in filament

label B+ powder 90/10 B90/10

Sp. 25 Sp. 26 Sp. 7 Sp. 8 Sp. 9 Sp. 10 Sp. 11 Sp. 12
Fe 66.3 66.0 27.4 27.0 30.0 8.6 9.7 7.8
Nd 28.0 28.3 11.9 11.7 8.4 3.5 4.0 3.3
C / / 51.9 52.7 53.2 75.6 74.6 75.4
O / / 5.9 6.2 5.5 11.3 10.8 12.6
Co 5.7 5.7 2.3 2.2 1.3 0.6 0.6 0.6
Ni / / 0.4 / / / / /
Zr / / 0.2 0.2 1.6 0.4 0.3 0.3
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

TGA analysis provided information on the mass reduction of the filament under a high-
temperature condition. TGA analysis can be used to estimate the filler content in the
filament, where the mass-loss percentage represents the degradation of the polymer. When
filler loading was 93 wt.%, the expected mass loss would be 7%, and the same goes for
filaments with 90 wt.%, for which the expected loss was 10%. However, Figure 4-5 shows
that the loss is slightly higher and differs among the batches. The higher-than-expected
mass loss can be attributed to the presence of additives, which also degrade to a certain
extent. In addition, the higher mass loss suggests that the filler particles were partly
degraded due to high temperatures.

PA12 powder
.
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f

Filament S 90/10
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Figure 4-5: TGA curves after heating the filaments to 600 °C.

The filament’s melting point was found to be approximately 177 °C through DSC
analysis. This implies that FDM-printed magnets bonded with PA12 can withstand
temperatures up to 170 °C. However, the operating temperature of printed magnets is
contingent on their specific application and conditions, and it is restricted by the service
temperature range of PA12, which is —40 °C to 80 °C, with short-term temperatures up to
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110 °C. DSC data and the calculated degree of crystallinity are presented in Table 4-7,
indicating that an increase in filler loading correlates with an increase in the degree of
crystallinity and a decrease in melting temperatures. Furthermore, the data demonstrate
a link between filler presence and the degree of crystallinity in FDM-printed specimens.

Table 4-7: DSC analysis on the filament samples. The table includes data on the melting
temperature after first and second heating, T, and Th.e, respectively; enthalpy after first
and second heating, AH,,; and AH,», respectively; cold crystallisation temperature, T., and
enthalpy, He, after the cooling cycle; and the calculated degree of crystallinity, X..

AI_:[ml AH(, AHmZ

Sample T, (°C) (J/e) T. (°C) (1/s) T (°C) (J/e) Xe (%)
S90/10 177.7 6.1 149.7 6.0 176.1 5.3 21.6
S93/7 176.2 5.1 149.9 4.5 174.6 4.1 23.9
B90/10 176.8 9.9 149.4 9.9 175.9 9.3 21.7
B93/7 176.2 4.2 147.8 4.2 175.4 3.8 22.3

The MFI measurements, depicted in Figure 4-6, indicate that filaments with higher
polymer content, such as S90/10 and B90/10, exhibit greater flowability than those with
7 wt.% of polymer binder. Hence, higher content of the thermoplastic binder leads to an
increase in MFI values and improves fluidisation. Additionally, the filament made with
spherical particles had more than double the MFI values. These results also support the
suitability of MQP S powders for FDM printing, given their higher MFI values, which
reduce the risk of printer head clogging. Consequently, using MQP S powder enables the
printing larger and more complex-shaped samples.
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Figure 4-6: The melt flow index [g/10 min] of MQP S and MQP B+ filaments with various
filler loadings.

4.3.3 Characterisation of the FDM-printed polymer-bonded magnets

Poor density and porosity are common characteristics of materials produced by any
additive manufacturing technology. Figure 4-7 presents bar graphs displaying the densities
and estimated porosity of injection-moulded and FDM-printed magnets. FDM-printed
magnets exhibited the lowest density, primarily due to poor adhesion between extruded
layers and the lack of high-pressure in the IM process that brings the material together.
Porosity was estimated from measured and calculated densities. Porosity in magnets can
cause internal oxidation of the magnetic powder by air or moisture trapped inside the
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pores. Moreover, high porosity leads to low residual remanence due to low density. The
measured density results reveal that samples printed with spherical powder have higher
density and porosity values than those printed with irregularly shaped powder. Moreover,
S90/10 and S93/7 samples with a layer thickness of 0.1 mm demonstrate higher density
and lower porosity values compared to those with a layer thickness of 0.2 mm. These
findings indicate that the shape and size of the powder particles, as well as the layer
thickness, play a crucial role in the final density and porosity of FDM-printed samples.
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Figure 4-7: Bar charts of density and calculated porosity of FDM-printed magnets, with
various filler loadings and printing heights, and injection-moulded magnets.

A dog-bone-shaped specimen (type 1 B) was printed using filament S90/10 by FDM
printing in accordance with ISO 527-2 [24]. This type of specimen is commonly used in
mechanical testing, specifically for flexural and tensile testing, in order to evaluate the
strength and behaviour of the material under load. The flexibility of the material made it
challenging to conduct mechanical tests, as the specimens did not break under an applied
load of 10 kN. A flexible specimen is depicted in Figure 4-8.

Figure 4-8: Dog-bone-shaped specimen, FDM-printed from filament S90/10, fully bent
without breaking.

A tensile test with the same specimens was repeated until the specimen broke. After
the tensile test, the surface fracture of the specimen was examined using SEM/EDX. A
SEM image of the specimen is shown in Figure 4-9. The carbon content values on powder
particles, as determined through EDX analysis in Table 4-8, are consistent with the results
obtained from the EDX analysis of the S90/10 filament from Table 4-5.
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Electron Image 1

Figure 4-9: SEM image of surface fracture of the dog-bone-shaped specimen, FDM-printed
from filament S90/10. Nd-Fe-B were pulled out of the polymer matrix.

Table 4-8: Elemental composition (wt.%) of the surface fracture of dog bone specimen
made from filament S90/10.

Spectrum  MQP S powder in Test Tube PA12 Matrix in

label Test Tube

Sp. 1 Sp. 2 Sp. 3 Sp. 5 Sp. 6
Fe 38.3 39.8 38.5 17.3 19.1
Nd 10.4 10.4 10.0 4.7 5.2
C 43.2 42.5 44.7 68.0 66.7
O 4.3 3.6 3.5 8.1 7.2
Ti 1.2 1.3 1.2 0.8 0.7
Zr 2.6 2.4 2.1 1.1 1.1
Total 100.0 100.0 100.0 100.0 100.1

The magnetic properties of the samples were evaluated, and the results for at least
three samples are summarized in Table 4-9. The expected lower Br values of FDM-printed
samples due to their low density and high porosity were observed. However, considering
the constraints of FDM printing technologies (lack of high pressure), extremely high Br
values were obtained for the FDM-printed samples. The Br values of the FDM-printed
samples were above 90% of the expected theoretical remanence for a filler loading of 90
wt.%. FDM magnets made from MQP S achieved a Br value of 98% for 93 wt.% filler
loading, while those made from MQP B had 87%. The intrinsic properties of the material,
such as coercivity, depend on the composition of the starting material and are not affected
by the sample density. The Hci values of the as-received powder, as stated in MDS, are
716-836 kA /m for the melt-spun powder and 670-750 kA /m for the atomized gas. The Hci
values of the FDM-printed samples were consistent with those of the as-received powder
and the IM samples, indicating that no degradation of the magnetic powder occurred during
filament manufacturing and FDM printing.
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Table 4-9: Measured magnetic properties of FDM-printed and injection-moulded (IM)
samples.

Sample BHuax [kJ/m?®  Ha [kA/m] B: measured [T B: theoretical [T
S90/10 0.2 mm  18.7 (£0.9) 719.2 (£1.2) 3478 (£04)  375.1
$90/10 0.1 mm  21.7 (£0.1) 7218 (£1.2)  367.3 (£04)  375.1
$93/702mm  28.9 (£1.1) 7215 (£1.3) 4222 (£7.9) 4342
$93/7 0.1 mm  29.4 (£1.5) 7213 (£2.6) 426 (£11.0) 4342
B90/10 0.2 mm 27.3 (+0.4) 700.6 (£0.8) 410.8 (£3.4) 449.5
B90/10 0.1 mm  28.7 (£0.4) 712.2 (£1.3) 4098 (£2.5) 4495
B93/7 0.2 mm  35.5 (£1.0) 713.2 (£0.9) 4565 (£6.8) 5214
B93/7 0.1 mm 35 (£0.3) 705.8 (£1.0) 4542 (£1.7) 5214
M S93/7 32 (+0.1) 710.8 (£1.1) 449 (£0.7) 434.2
IM B93/7 46.3 (£0.6) 697.7 (£1.0) 5288 (£3.3) 5214
$S90/10 0.2 mm  18.7 (+0.9) 719.2 (£1.2) 3478 (£04)  375.1

Total flux loss can be categorized into reversible loss, recoverable irreversible loss, and
structural loss. Reversible flux loss occurs as a function of temperature and can be undone
by cooling the magnet. Irreversible changes are those that do not return to their original
value after the disturbing influence is removed. These can be further divided into those
that can be restored by remagnetisation at room temperature, recoverable irreversible loss,
and those that cannot, as a result of structural or metallurgical changes, often called ageing
loss [114].

The reversible and irreversible flux losses were evaluated after exposing the magnets to
different scenarios. It is likely that the magnets made from the gas-atomized powder
experienced a lower flux loss because they had a higher density and lower porosity. This
implies that if a magnet is more compact and has fewer gaps or voids, it has less possible
routes for water or air entrapment. A higher density and lower porosity can lead to
improved magnetic performance, resulting in lower flux loss. The rule of thumb in the
industry is that magnets should not have flux loss higher than 5% over 1000 h of testing
[35], [75]. Table 4-10 summarises the environmental tests performed to evaluate the
stability of the magnets, as well as the final irreversible flux loss observed after testing.
The results indicate that irreversible flux loss was less than 5% in all tests except for the
test where FDM magnets were immersed in corrosive water. It is worth noting that this
particular test is considered highly aggressive, and it is uncertain whether even IM magnets
would have a flux loss of less than 5%. The flux loss of magnets produced using MQP S
powder was lower than those made from MQP B+ when immersed in pure water, as shown
in Figure 4-10. This difference may be attributed to the better bonding between magnet
and polymer particles in the former. However, in corrosive water solution with aggressive
ions at high temperatures, the presence of aggressive ions accelerates surface corrosion and
flux loss, as depicted in Figure 4-11 and Figure 4-12, for both S90/10 and B90/10 magnets.
Figure 4-13 shows a cross-section of the most corroded sample after the corrosive water
test, which demonstrates the progression of corrosion in the FDM samples. Sample B90/10
had a significantly higher depth of corrosion, nearly double that of S90/10, and exhibited
almost double the flux loss after the same test.
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Figure 4-10: Flux loss of FDM-printed samples S93/7 and B93/7 vs. time exposure to hot
water and air at 85°C and after final remagnetisation.
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Figure 4-11: Flux loss of FDM-printed samples S90/10 and B90/10 vs. time exposure to
corrosive water at 95°C for 1000 h and after final remagnetisation.
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Figure 4-12: Surface corrosion of samples S90/10 (a) and B90/10 (b): top, bottom, and
side after immersion in corrosive water at 95 °C for 1000 h.
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Figure 4-13: Surface corrosion, cross-section microscopic images of magnets S90/10 (a) and
B90/10 (b) showing progress of corrosion after immersion in corrosive water at 95 °C for

1000 h.
Table 4-10: Overview of environmental testing and flux loss due to ageing.
Test . Irreversible
Reversible )
Test name temperature/  Sample name flux loss Rusting
, flux loss [%)]
duration (%]
Immersion in S93/7 0.1mm 3.4 0.5 Low
85 °C/1000 h
water / B93/7 0.1mm 9.2 4.3 Low
Exposure to S93/7 0.1mm 1.3 0 No evidence
85 °C/1000 h
hot water / B93/7 0.1lmm 2.5 0 No evidence
1
Immersion in 590/10 12.1 7.6 Severe
. 0.1lmm
corrosive 95 °C/1000 h B90/10
water 21.9 14.4 Severe
0.1lmm
Bulk S93/7 0.2 mm 2.9 0 Low
) 120 °C/96 h B93/7 0.2 4.8 0 Low
corrosion test
mm
Cyclic 10/65 S93/7 0.2 mm 0.6 0 No evidence
t t B 2
empel'ra ure/ °C/240 h 93/70 0.8 0 No evidence
humidity test mm

4.4 Conclusions

Fused deposition modelling technology can be utilized to produce Nd—Fe-B magnets
bonded with PA12 in a cost-effective manner. However, FDM-printed magnets exhibit
lower magnetic properties than their injection-moulded counterparts, possibly due to their
lower density and higher porosity. Nonetheless, FDM-printed magnets can achieve high
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magnetic properties by utilizing high loading factors. For instance, FDM magnets made
from MQP S had a B, value of 98% of the expected theoretical remanence for 93 wt.% filler
loading, while those made from MQP B had 87%. The extrusion process used in filament
making and FDM printing did not affect the coercivity of the samples. Furthermore, FDM-
printed magnets exhibited an irreversible flux loss of less than 5% or zero when exposed to
hot water, air, or pressurized steam. Thus, FDM- printed magnets are suitable for
applications involving such conditions. By using a coupling agent, the adhesion between
the magnetic filler and polymer binder was improved, as confirmed by SEM/EDX analysis.
Overall, although FDM printing is a low-budget option for producing Nd—Fe-B magnets,
it can generate magnets with comparable magnetic performance and corrosion resistance
to those produced via injection moulding.
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5.1 Introduction

Permanent magnets, especially those based on rare earth materials, are crucial in modern
high-technology applications. Their integration into electronics and renewable technologies
has become increasingly widespread in daily life [115]. As the demand for such materials
increases, the sustainable use of rare earth elements, recognized as critical raw materials,
is essential [116].

Among the various types of permanent magnets, neodymium iron boron magnets are
the most widely used owing to their superior magnetic properties. Although sintered Nd—
Fe-B magnets are known for their exceptional strength, they are highly susceptible to
corrosion [48]. To mitigate this, magnetic powders are often combined with polymer binders
to create injection-molded or compression-molded magnets. Polymer-bonded magnets
benefit from the polymer binder encapsulating the magnetic particles, thus protecting them
from corrosion and oxidation [108]. Additionally, the rise of additive manufacturing, the
cornerstone of Industry 4.0, is rapidly advancing the field of permanent magnet production.
Unlike traditional formative manufacturing techniques such as injection or compression
moulding, AM offers greater design flexibility, builds material up rather than removing it,
and consumes less material. This is a significant advantage when working with costly
materials such as rare-earth-based magnetic powders. AM technologies offer various
methods for producing magnets, each with its advantages and drawbacks.
Stereolithography-produced Nd-Fe-B magnets with high filler content can achieve
impressive magnetic properties [117]. Powder bed fusion excels in complex geometries and
mechanical properties but requires careful control of process parameters to avoid defects
[18], [19], [20]. While binder jetting enables near-net shapes, it must overcome the issues of
porosity and finish quality [27]. Fused deposition modelling is prominent for using
thermoplastic filaments with magnetic fillers but faces its own set of challenges in terms of
material properties and printing consistency. The challenge lies in the production of
filaments with appropriate properties for consistent printing [34]. Various polymers have
been used to bond Nd-Fe-B powders, including polyamide 12 (PA12) [36], thermoplastic
polyurethane [38], polyphenylene sulfide [39], and polyether ether ketone [40], [118], each
selected based on the intended application of the final product. Big area additive
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manufacturing bypasses the intricacies of filament production by utilizing pre-compounded
materials in pellet form, which are appropriate for fabricating large objects, although this
comes with the trade-offs of lower resolutions and increased costs [44], [47]. BAAM-printed
NdFeB/PA12 magnets have demonstrated superior magnetic properties than those
produced by injection moulding. Additionally, extrusion from slurries, such as
thermosetting epoxy [33] or photopolymer resins [107], presents another avenue for PBM
production, combining 3D printing with UV curing for enhanced results. It is worth noting
that FDM, as well as BAAM, belongs to the material extrusion family of additive
manufacturing processes, as defined by ISO/ASTM 52900 [16].

However, the efficiency and durability of PBMs significantly depend on the integrity of
the composite material. In Nd-Fe-B PBMs, the potential causes of poor adhesion at the
interface between the magnetic particles and polymer matrix, such as oxide layer formation
on the filler during processing in air or crosslinking of the polymer, pose a significant
challenge, undermining the mechanical strength and overall performance of the final
product [54]. This issue is even more pronounced in additive manufacturing, where the
interfacial adhesion between polymer and metal is notably weaker than within the pure
polymer itself [53], further compromising the mechanical strength and overall performance
of the final product. Therefore, addressing the reduction in interfacial adhesion is critical
for enhancing the efficiency and extending the longevity of Nd-Fe-B PBMs, ultimately
broadening their range of applications.

Strategies employing adhesion promoters, such as silanes [58], [98], [119] and organo-
titanates [62], have been utilized to improve adhesion. Additionally, plasma technology,
known for its ability to modify or enhance surface properties, such as corrosion resistance
and electrical, thermal, or mechanical characteristics, is gaining popularity. It can also
influence factors such as surface tension, thereby affecting adhesion and porosity [120].
Plasma treatments have been applied to diverse materials, enhancing wetting properties in
various polymers, improving the adhesion of plasma-deposited coatings, reducing friction
[63], upgrading biomaterials [66], and strengthening the bond between thermoplastic
polymers and metal surfaces [67]. Plasma treatment is particularly economical and
environmentally friendly as it requires no water or chemicals, unlike other surface-
modification methods.

While plasma treatment of macroscopic samples is a mature technology [121], the
adequately uniform treatment of large quantities of powder materials in a reasonable time
still represents both scientific and technological challenges [120], which arise from the huge
surface-to-mass ratio of the microscopic powder. The polymer powder dropping through
plasma will quickly melt upon interaction with plasma species and form aggregates, likely
to stick to the surfaces facing plasma [122]. Powder in a dish will be unevenly treated: the
topmost particles will melt and will be over-treated, while those deep in the container will
not be affected at all. Stirring polymer powder in a dish would help uniform treatment,
but the flux of plasma species should be maintained at a relatively low level to prevent
overtreatment of uppermost polymer particles. The magnetic particles, on the other hand,
will not melt upon treatment with a gaseous plasma sustained by a discharge of reasonable
power density, so they can be treated simply by dropping through a plasma with an
appropriate density of charged particles.

The aim of this study was to investigate the impact of an environmentally friendly
dual-plasma treatment process on enhancing the interfacial bonding between Nd-Fe-B
magnetic fillers and PA12 polymers in polymer-bonded magnets. This innovative approach,
which involves modifying the surface of the Nd—Fe—B magnetic fillers with radio-frequency
(RF) plasma and/or treating the PA12 polymer with low-pressure microwave plasma
(MW), represents a novel contribution to the field of magnet manufacturing. By applying
plasma treatment to feedstock materials, we introduce a unique method that has not been
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extensively explored in previous research. Plasma treatments successfully modify the
surface of polyamide 12, where low-pressure microwave plasma makes PA12 wettable and
often nanostructured. However, prolonged treatment hinders its melting for laser sintering
[68]. Shorter treatments improved hydrophilicity without affecting meltability; adjusting
gas mixtures optimized surface properties, indicating that plasma exposure and gas
composition are key to tailoring PA12 surfaces [69]. We assess the effectiveness of this
approach by evaluating the mechanical and magnetic properties of FDM-printed
specimens, including flexural and tensile strength. Furthermore, we conduct comprehensive
corrosion tests, including immersion in water at 85 °C for 1000 h and bulk corrosion testing
at 120 °C for 500 h. We hypothesize that this innovative approach will not only improve
the interfacial bonding between the magnetic filler and polymer matrix but also bolster the
mechanical strength of the FDM-printed specimens without detracting from their magnetic
properties.

5.2 Materials and Methods

5.2.1 Materials

To fabricate filaments for FDM, we used a spherical magnetic powder based on an Nd—Pr—
Fe-Co—Ti—Zr-B alloy, commercially known as MQP S, supplied by company Magnequench
(Singapore). The as-received magnetic powder had the following magnetic characteristics:
residual remanence between 730-760 mT, coercivity spanning from 670 to 750 kA /m, and
a maximal energy product fluctuating within 80-92 kJ/m?* [91]. Polyamide 12, available
under the commercial label Vestosint (Evonik, Pandino, Italy), was selected as the polymer
binder. As per the manufacturer’s datasheet, PA12 has a melting point of 176 °C and an
approximate bulk density of 440 g/dm?* [123]. During the fabrication of the filament for our
second batch, organo-titanate based on titanium triisostearoylisopropoxide
(CAPOW®KR®TTS/H, Ken-React®, Bayonne, NJ, USA) was integrated as a coupling
agent because of the poor adhesion between the inorganic filler and the organic polymer
matrix.

5.2.2 Plasma treatment of magnetic filler and polymer binder

The polymer powder was treated in a low-pressure microwave plasma reactor equipped
with a mixing pot. The plasma was sustained using a magnetron coupled to a waveguide
with a vacuum-tight window and was concentrated just beneath the window, as shown
elsewhere [124]. The small penetration depth of microwaves in the electrically conductive
plasma prevented the expansion of dense plasma into the entire reactor [125], so the
polymer powder was treated with the diffusing plasma. The microwave source operated at
the standard frequency of 2.45 GHz. The chamber was pumped with a two-stage rotary
pump (Leybold, Export, PA, USA) with an ultimate pressure below 1 Pa. The pressure
was measured using a Pirani vacuum gauge (Pfeiffer Vacuum, Asslar, Germany). About
300 g of PA12 powder was added to the mixing pot equipped with a stirring device, rotating
at 20 RPM. After evacuating the plasma reactor to the ultimate pressure of about 1 Pa,
oxygen was leaked via a mass flow controller at 170 sccm to reach a working pressure of
70 Pa. Plasma was sustained at the power of 500 W, and the polymer powder was treated
for 30 min. An experimental system was set up to treat magnetic powder while free-falling
through non-equilibrium gaseous plasma, as shown in Figure 5-1.
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Figure 5-1: A schematic representation of a low-pressure radio frequency fall-through
plasma system for the treatment of magnetic powder.

A vertical 35-cm tube with an outside diameter of 40 mm made of borosilicate glass
was mounted between two vacuum flanges. A six-turn coil was wrapped around the tube
and connected to a radiofrequency matching network and generator operating at the
industrial frequency of 13.56 MHz (Advanced Energy, Fort Collins, CO, USA). The reactor
was pumped with a two-stage rotary vacuum pump capable of achieving an ultimate
pressure of 0.1 Pa (Trivac D16B, Leybold, Export, PA, USA). Oxygen was leaked via a
precise needle valve, and the pressure was monitored using an absolute capacitive pressure
gauge (MKS Baratron, Andover, MA, USA). Both the upper and bottom vacuum flanges
were connected to two powder-storage containers of volumes of about 0.4 L. Magnetic
powder was then poured into a container and attached to the reactor. On one side of the
container, fitted via a KF40 flange, an hourglass-like adapter was mounted to slow down
the fall of magnetic powder through plasma (length 8 cm with 4.5 mm inner narrowing
that is 2 cm long). The adapter dimensions can be distinguished from Figure 5-1. The
system was evacuated to roughly 3-5 Pa. Oxygen was introduced via a needle valve to
obtain the operating pressure of 35 Pa, and then the plasma generator was turned on. The
plasma in the H-mode was sustained in the middle of the tube. The forward and reflected
powers were 500 and 20 W, respectively. The reactor was turned upside-down, so the
magnetic powder fell through the powerful plasma due to gravitation. The residence time
of magnetic powder in plasma was only 0.25 s. Finally, the treated powder was collected
from the bottom container.

5.2.3 Filament extrusion

We used the process described in a previous study for filament extrusion [36]. To enhance
the speed and printing precision, we used MQP S as the magnetic filler. The spherical
morphology of the MQP S particles was found to be advantageous, enhancing printability
and resulting in filaments that were easier to print than those made with melt-spun
magnetic powder. Additionally, according to the aforementioned findings, samples printed
with MQP S exhibited higher density, reduced porosity, and improved corrosion resistance,



5.2 Materials and Methods 55

demonstrating superior environmental stability with less flux loss during corrosion testing.
Four distinct batches of filaments were manufactured, each with a filler loading of 93 wt.%
and a polymer loading of 7 wt.% (Table 5-1). The first batch, denoted as MQP S/PA12,
incorporated MQP S filler bonded with PA12 without the use of coupling agents or plasma
treatments. This batch served as a reference for evaluating the effects of adding a coupling
agent or plasma surface treatments on the mechanical and magnetic properties of FDM-
printed samples. The second batch incorporated MQP S filler bonded with PA12, with an
organo-titanate as the coupling agent, and was designated MQP S/PA12 CA. The addition
of organo-titanate aimed to establish a molecular bridge at the interface between the two
substrates, enhancing the bond strength and compatibility between the magnetic powder
and polymer matrix [109]. The third batch resembled the first in terms of fillers and the
absence of a coupling agent, yet PA12 underwent plasma treatment; this batch was labelled
MQP S/PA12*. The final (fourth) batch mirrored the third batch in terms of coupling
agent absence, but both MQP S and PA12 underwent plasma treatment, resulting in its
designation as MQP S*/PA12*. A summary of the batches is presented in Table 5-1.

5.2.4 Fused deposition modelling of permanent magnets

The PBMs used in this study were fabricated using an industrial-grade desktop 3D printer,
Flashforge Creator 3 (Jinhua, Zhejiang, China), accompanied by its slicing software, Flash
Print version 5.5.2. Printing was performed at a temperature of 270 °C with a print speed
of 50 mm/s, while the travel speed was adjusted to 100 mm/s. The printing platform was
preheated to 80 °C to facilitate optimal adhesion of the extruded material. To further
enhance bed adhesion and prevent detachment during the printing process, each specimen
was printed with a 6-layer brim. Considering the risk of clogging during extrusion, a nozzle
head with a 0.8 mm diameter was selected. The gap between the nozzle head and the print
bed was set to 0.2 mm. The extruder was primed with a single skirt layer at the beginning
of each print. The samples were printed in a horizontal orientation on the build platform,
adopting a raster angle configuration of +45° for alternate layers and ensuring an infill
density of 100 %. Cylindrical specimens measuring 10 mm x 9.50 mm were produced to
evaluate the magnetic properties and environmental stability of the printed samples. For
mechanical assessments, dog-bone-shaped samples with dimensions of length 75 mm, width
12.5 mm, thickness 4 mm, and gauge length 20 mm were printed to determine the tensile
properties in accordance with the ISO 527-2 standard [94]. The samples for the flexural
test had dimensions of 80 mm length, 10 mm width, and 4 mm thickness, in accordance
with the ISO 178 standard [93]. A detailed summary of the printing parameters is presented
in Table 5-2, while Figure 5-2 illustrates the spooled filaments and the printed samples,
and Figure 5-3 outlines the process flow from material preparation to FDM printing.
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Figure 5-2: Images of FDM printed tensile, flexural test samples, and cylinders (a), FDM

printing of tensile test sample (b), extruded and spooled filaments (c), and FDM printed
cylindrical magnet (d).

Fabrication of FDM printed
NdFeB/PA12 magnets
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Figure 5-3: Process diagram highlighting the major steps from material selection to FDM
printed parts.

Table 5-1: Overview of manufactured filament batches.

M ti Pol Coupli
Batch label ABNetIC oymet Oupiing Surface treatment

filler binder agent
MQP S/PA12 Nd-Fe-B Polyamide 12 None None
MQP S/PA12 -
Q CSI< Nd-Fe-B  Polyamide 12 Organo None

titanate

Low- i MW
MQP S/PA12* Nd-Fe-B Polyamide 12 None ow-pressure microwave (MW)
plasma *
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MQP Radiofrequency plasma * and

S* /PA12* Nd-Fe-B  Polyamide 12 None low-pressure microwave plasma

*

Table 5-2: Detailed printing parameters for the FDM fabrication.

Printing parameter Value [unit]
Material MQP S bonded with PA12
Nozzle temperature 270 °C
Printing speed 50 mm/s
Travel speed 100 mm/s
Platform temperature 80 °C
Nozzle head diameter 0.8 mm
Raster angle +45°
Infill density 100%
Infill pattern Hexagon
Layer thicknesses 0.15 mm

5.2.5 Characterisation

Various techniques have been employed to characterize the physical, magnetic, and
mechanical properties of filaments and FDM-printed samples derived from four distinct
batches. A review of the literature on polyamide activation by plasma treatments indicates
varied findings, with discussions on functional group types often avoided owing to the
difficulties of overlapping peaks when using standard XPS for surface characterisation [126],
[127]. However, wettability is determined by the straightforward technique, i.e. interaction
with water. A clear distinction emerged when observing the behaviour of polymer powders
in water plasma-treated PA12 dispersed effectively, indicating an improved affinity for
water, whereas untreated PA12 remained floating on the water surface. Obviously, plasma
treatment of polymer powder resulted in a significant increase in wettability. The
quantitative technique of the sessile drop method is not feasible for fine powder because
the water droplet is larger than the powder.

The surface morphology and elemental composition of filaments and fractured surfaces
of mechanical test tubes after the tensile test were analysed via SEM coupled with EDX
spectroscopy. SEM micrographs and EDX spectra were acquired in the secondary electron
mode using a Jeol-IT300 SEM equipped with an Oxford EDX system, operating at a beam
energy of 15 keV. Notably, no pre-treatment was applied to the samples, which were fixed
onto carbon tape prior to analysis.

The filaments from all four batches were subjected to thermogravimetric analysis
(TGA) to assess their temperature stability and filler content. TGA tests were performed
using a Mettler Toledo thermogravimetric analyser TGA/DSC1 model (Greifensee,
Switzerland). Uniform test conditions were maintained for all batches in dynamic mode,
with the samples subjected to heating from ambient temperature to 600 °C at a heating
rate of 10 °C/min in the presence of air as the purge gas.

Differential scanning calorimetry (DSC) was employed to evaluate the thermal stability,
influence of additives and fillers, melting behaviour, and cold crystallisation of the
filaments. The DSC analysis was conducted using a Mettler Toledo DSC1 STARe System
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(Greifensee, Switzerland). The first cooling and the second heating run were examined,
with the samples undergoing heating from 25 °C to 480 °C at a rate of 10 °C/min under
an air atmosphere to determine melting behaviour. Additionally, a cooling cycle was
performed between two heating cycles, involving a temperature range of 200-30 °C at a
rate of 10 °C/min in an air atmosphere to ascertain cold crystallisation. The degree of

crystallinity (X [%]) was calculated using the following formula:
AH,,
.= X 100,
(1-ws) x AH,

(5.1)

where AHm [J/g] represents the melting enthalpy after the second heating, w is the
weight fraction of the filler [%], and AH,[J/g] corresponds to the melting enthalpy [J/g] of

100% crystalline PA12 (245 J/g[38], [111]).

To assess the rheological properties of the filaments, melt flow index measurements
were conducted using an LMI5000 Series instrument (Dynisco, Franklin, MA, USA). The
filaments were granulated, and 30 g of each batch was introduced into an MFI capillary
and preheated to 260 °C. The melt time was set at 120 s, and a 5 kg load was applied.
Archimedes’ principle was employed using an analytical balance (XP205 by Mettler-
Toledo, Greifensee, Switzerland) to determine the densities of the printed cylinders. The
measured densities were compared with the calculated densities, which were determined
using the rule of mixtures, not accounting for the void presence, using the following
equation:

Pcalculated =
Pritier X VOl%filier + Padd1 X VOl%add1 + Padd X VO Yaddz + Padds X VOl%qadd3+ Ppolymer X VOl%polymer

100 ’

were labels add1, add2, and add3 refer to the following additives: the coupling agent,
internal lubricant, and external lubricant, respectively.
Porosity was evaluated using the following equation:

Pcaiculated — Pmeasured

Porosity (%) = x 100,
Pcalculated (5~3)

where pealcuated TePresents the calculated density, and pPueaswed denotes the measured
density. To investigate the internal structure and assess the porosity, potential voids, or
interlayer air gaps, one sample from each batch was subjected to high-resolution X-ray
computed tomography (CT) scanning. The scans were performed using a Phoenix v|tome|x
240 system (General Electric, Cincinnati, OH, USA). The operational parameters for the
CT scans were set to a voltage of 170 kV and current of 230 pA, with an exposure time of
200 ms per projection. The acquired data were reconstructed to visualize and quantify the
internal morphology of the printed samples, enabling the analysis of their structural
integrity. The FDM-printed cylinders were subjected to magnetisation using an impulse
magnetizer K-Series (MAGNET-PHYSIK; Ko6ln, Germany) at a voltage of 2000 V to reach
saturation. Following magnetisation, residual remanence and intrinsic coercivity were
determined using a permeameter (PERMAGRAPH®, MAGNET-PHYSIK, Koln,
Germany). The measured residual remanence was compared to the theoretical value, which
was calculated using the following formula:

UOl%filler

Brtheorethical = 100 X Bras—received powder (5'4)



5.3 Results and Discussion 59

The magnetic flux of the magnetized cylinders was measured before and after subjecting
them to environmental tests using a Helmholtz coil (MS 75 with an electronic Fluxmeter
EF 14, MAGNET-PHYSIK, Koln, Germany).

Mechanical testing was performed at room temperature on five samples from each
batch. The mechanical evaluation included both flexural and tensile tests. Flexural tests
were performed at a testing speed of 1 mm/min using a Zwick test machine (7100, Zwick
Roell, Ulm, Germany) in accordance with the ISO 178:2001 standard. Following the ISO
527-2 guidelines, tensile testing was also conducted using the same testing apparatus
employed for flexural testing, maintaining a testing speed of 1 mm/min. A load cell with
a capacity of 100 kN was used in the tests.

5.2.6 Evaluation of environmental stability and corrosion resistance

Two test scenarios were employed to assess the environmental stability and corrosion
resistance of FDM-printed cylinders. The magnetic flux was measured before and after
each test, with a minimum of three samples. The first test aimed to evaluate magnet
stability in a high-temperature aqueous environment, targeting the potential influence of
water absorption on flux loss. The magnetized cylinders were immersed in deionized water
at 85 °C for 1000 h. Additionally, a bulk corrosion test was conducted to evaluate the
degradation of the material under elevated temperature and exposure to water vapour. The
cylinders were subjected for 500 h to pressurized steam at 120 °C and 2 bars to simulate
conditions that may lead to accelerated material deterioration and, consequently, flux loss.

5.3 Results and Discussion

5.3.1 Characterisation of the filaments

SEM micrographs of fractured surfaces of filaments for all four batches are shown in
Figure 5-4. Table 5-3, Table 5-4, Table 5-5 and Table 5-6 present the elemental
compositions (wt.%) of major elements detected on the cross-sectional areas of the filament
surfaces by EDX, including both the magnetic powders and the polymer matrix within the
filament. Examination of the SEM images revealed no noticeable contrast variation among
batches. The homogeneity and distribution of the magnetic particles within the polymer
matrix were consistent across all batches. The voids observed in the images suggest a
debonding mechanism in which the MQP S particles are pulled from the matrix.
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Figure 5-4: SEM micrographs of filament fractured surface for batches (a) MQP S/PA12,
(b) MQP S/PA12 CA, (c) MQP S/PA12* and (d) MQP S*/PA12*. Note that spherical
lighter-coloured particles represent MQP S particles, while the darker material corresponds
to the PA12 matrix.

The elemental compositions of all filament batches were comparable, with a rather high
concentration of carbon (C) observed in the spectra MQP S. This high C concentration is
likely attributed to examining cross-sections involving filament breakage by pulling. It
appears that when the filament was torn apart, the MQP S particles retained some polymer
on their surfaces, contributing to the high concentration of C observed in the spectra of
MQP S.

Table 5-3: Elemental compositions (wt.%) detected in the cross-sectional areas of the
filament surface of batch MQP S/PA12.

Spectrum MQP S PA12
label Sp. 2 Sp. 1 Sp. 4 Sp. b
C 48.4 49.5 72.3 74.3
O 4.9 4.8 9.2 9.0
Ti 1.1 1.1 0.4 0.4
Fe 33.1 33.2 13.4 12.0
Co 1.7 1.3 0.5 0.5

Zr 2.2 2.1 0.8 0.7
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Nd 8.6 8.0 3.4 3.1
Total 100.0 100.0 100.0 100.0

Table 5-4: Elemental compositions (wt.%) detected in the cross-sectional areas of the
filament surface of batch MQP S/PA12 CA.

Spectrum MQP S PA12

label Sp. 10 Sp. 11 Sp. 12 Sp. 13
C 44.5 46.4 70.6 72.3
O 4.9 5.5 94 9.7
Ti 1.1 1.0 0.6 0.5
Fe 36.6 34.6 14.1 12.9
Co 1.7 1.5 0.7 0.5
Zr 2.1 2.0 0.9 0.7
Nd 9.1 9.0 3.7 34

Total 100.0 100.0 100.0 100.0

Table 5-5: Elemental compositions (wt.%) detected in the cross-sectional areas of the
filament surface of batch MQP S/PA12*.

Spectrum MQP S PA12

label Sp. 18 Sp. 19 Sp. 20 Sp. 21
C 47.0 46.2 71.5 71.2
0O 4.4 4.3 9.1 77
Ti 1.1 1.1 0.4 0.4
Fe 35.3 35.7 13.7 15.2
Co 1.4 1.3 0.6 0.6
Zr 2.0 2.2 0.9 0.9
Nd 8.8 9.2 3.8 4.0

Total 100.0 100.0 100.0 100.0

Table 5-6: Elemental compositions (wt.%) detected in the cross-sectional areas of the
filament surface of batch MQP S*/PA12*.

Spectrum MQP S PA12
label Sp. 26 Sp. 27 Sp. 28 Sp. 29
C 50.6 51.3 76.5 74.3
O 4.8 4.7 10.8 9.5
Ti 1.1 0.9 0.3 0.3
Fe 32.2 31.8 9.1 11.5
Co 1.3 1.3 0.4 0.4
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Zr 1.8 1.8 0.6 0.8
Nd 8.2 8.2 2.3 3.2
Total 100.0 100.0 100.0 100.0

The results obtained from the TGA analysis are shown in Figure 5-5. TGA offers a
useful means of estimating polymer content, as the percentage of mass loss corresponds to
the extent of polymer degradation. As expected, across all four batches, each containing 7
wt.% polymer, the mass loss remained close to 7%, as demonstrated in Figure 5-5.
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Figure 5-5: TGA curves depicting the thermal degradation behaviour of filaments from
all four produced batches.

Although there were minor variations among the batches, these fluctuations suggest
that the feedstock materials may not have been perfectly homogenized during filament
production. Notably, the second batch (blue curve in Figure 5-5), which incorporated
organo-titanate as a coupling agent, exhibited the highest mass loss due to the partial
degradation of the coupling agent itself.

Results of the DSC analysis, presented in Figure 5-6 and Table 5-7, revealed that the
melting temperatures (Tw and Tu) after the first and second heating cycles for all four
batches were consistently close, with T,;: at approximately 176 °C and T,. at
approximately 175 °C. This uniformity suggests similar thermal stability and composition
among batches in terms of the factors influencing the melting points. The enthalpy changes
(AH,; and AH,.) after the first and second heating cycles showed minor variations among
batches, with values in the second heating cycle (AHu:) being slightly lower, possibly owing
to decreased crystallinity or structural changes [111]. The calculated degree of crystallinity
ranged from 19.5% to 21.7%. Notably, the batch MQP S/PA12 CA exhibited slightly
higher crystallinity, suggesting that organo-titanate as a coupling agent contributed to the
increased crystalline structure formation. Similarly, in the case of MQP S*/PA12* where
both the filler and binder underwent plasma surface modification, the higher degree of
crystallinity can be attributed to these modifications.
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Figure 5-6: First (a) and second (b) heating DSC curves for extruded filaments.

Table 5-7: Overview of DSC analysis for filament batches, including melting temperatures
(Twi and Tue), enthalpy (AHwmi and AH..) after first and second heating cycles, cold
crystallisation temperature (T.), enthalpy (AH.) after the cooling cycle, and calculated
degree of crystallinity (W.).

T AH,, o AH. Tw AH,
Batch co a9 e o g W
MQP S/PA12 176.8 4.4 150.0 3.9 175.4 3.4 19.5
MQP S/PA12

176.7 4.3 148.2 4.2 175.4 3.7 21.7
CA
MQP 176.4 4.1 149.6 3.9 175.7 3.6 20.8
S/PA12*
MQP 176.5 4.3 150.0 4.0 175.4 3.7 214
S*/PA12*

The MFI data for all batches of filament are presented in Table 5-8. The batch labelled
MQP S/PA12 CA exhibited the highest MFI among all the batches. A higher MFI can be
attributed to the presence of a coupling agent in the form of organo-titanate, which
enhances the dispersion between the inorganic filler phase and organic polymer phase.
Consequently, it promotes effective deagglomeration and the subsequent removal of air and
water from the interface [128]. Conversely, the batch where only the polymer underwent
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treatment in a low-pressure microwave plasma reactor displayed the lowest MFI. Similar
plasma treatment resulted in suboptimal polymer melting behaviour, particularly when
prolonged low-pressure microwave plasma treatment was applied to achieve target
morphological changes [68]. These changes proved to be more advantageous when the
magnetic filler was also subjected to radio-frequency plasma treatment, as observed in the
case of batch MQP S*/PA12*. Importantly, suboptimal MFI values can lead to challenges
in the extrusion process, such as over-extrusion or inconsistent filament extrusion,
impacting the quality and consistency of FDM-printed samples.

Table 5-8: Summary of the MFI data for each batch.

Batch MFTI [g/10 min] Standard deviation
MQP S/PA12 216 21

MQP S/PA12 CA 289 9

MQP S/PA12* 185 12

MQP S*/PA12* 239 10

5.3.2 Properties of the FDM-printed polymer-bonded magnets

Table 5-9 provides an overview of the measured and calculated densities of FDM-printed
cylinders, along with the corresponding calculated porosity. It is noteworthy that in a prior
study, injection-moulded cylinders produced from the same feedstock materials as batch
MQP S/PA12 CA achieved a measured density exceeding 4.5 g/cm?® and exhibited a
calculated porosity of less than 2%. In the context of this study, the achieved FDM
densities ranged from 92% to 94% of the theoretical density, indicating a reasonably high
level of material consolidation. Nevertheless, it is important to acknowledge that FDM-
printed cylinders inherently possess higher porosity than injection-moulded ones due to the
nature of the printing process itself. FDM technology yields parts with increased porosity
compared to those produced through alternative manufacturing methods [129]. Since
identical printing parameters were applied across all batches, the observed higher porosity
in the FDM cylinders can be attributed to potential challenges in achieving optimal layer-
to-layer adhesion during the printing process.

Table 5-9: Measured and theoretical densities along with porosity of FDM-printed cylinders
for each batch.

Measured Theoretical — Porosity
Batch density Vol.% filler  density (%]
[g/cm3]
MQP S/PA12 45+ 0.1 65.5 4.8 6.0+ 04
MQP
Q S/PA12 44 + 0.1 66.9 4.8 84+ 1.1
CA
MQP S/PA12* 4.4 £+ 0.1 65.5 4.8 8.0+ 0.5
MQP
45+ 0.1 65.5 4.8 59 £+ 0.7
S* /PA12*

The CT scan analysis across all batches, including tensile test tubes, flexural test tubes,
and cylinders, showed that the cylinders exhibited the least detectable voids. This suggests
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a correlation between the smaller dimensional scale of the cylinders and a reduction in
observable porosity, potentially due to the layer resolution and deposition characteristics
inherent to FDM. In contrast, mechanical test tubes manifested a greater frequency of air
voids, indicating a variance in the filament-to-filament adhesion during the printing
process. In the reference batch (MQP S/PA12), voids are present sporadically, which could
be indicative of a uniform filler distribution that is not influenced by a coupling agent.
Contrastingly, introducing an organo-titanate coupling agent in batch MQP S/PA12 CA
is associated with the most detectable voids and air gaps. This observation is particularly
interesting when considering the batch’s highest MFT value. The elevated MFT could imply
a reduced viscosity, potentially facilitating the printing process but also allowing for
increased void formation, likely due to the material flowing too readily, leading to
inconsistent layer adhesion and increased porosity. Similarly, batch MQP S/PA12* also
exhibited a significant presence of voids. The lowest MFI value of this batch suggests that
the increased viscosity could have adversely affected the printing process, possibly
hindering the material’s ability to flow and merge between layers, thus contributing to the
formation of voids [130]. The batch MQP S*/PA12* voids may signal an altered interaction
between the modified surfaces of the filler and the polymer, potentially influenced by the
interaction between the altered surface-free energies of plasma-treated filler and polymer
[68]. Detailed visualisation of these characteristics can be seen in the CT scan depicted in
Figure 5-7.
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Figure 5-7: CT scan comparison of FDM-printed samplesin batches: (a) MQP S/PA12, (b)
MQP S/PA12 CA, (c) MQP S/PA12* and (d) MQP S*/PA12*.

When it comes to magnetic properties and residual remanence (B,) in PBMs, they are
significantly influenced by the volume fraction of the magnetic filler within the magnet.
Generally, higher volume percentages of filler lead to increased B, values. However, the
presence of pores can have a counteractive effect, diminishing the achieved B, [79]. In Table
5-10, both measured and theoretical B, values for FDM-printed cylinders are presented.
Across all batches, the achieved B, values ranged from 85% to 89% of their theoretical
counterparts. Notably, a correlation can be observed between measured porosity values
from Table 5-9 and the achieved B, values; samples with higher porosity tend to exhibit
lower B, values. Specifically, batches MQP S/PA12 CA and MQP S/PA12* had porosity
levels of 8.4% and 8%, respectively, achieving B, values of 85% and 86% of their theoretical
B.. Conversely, batches MQP S/PA12 and MQP S*/PA12* which had lower porosity at
approximately 6%, achieved nearly 89% of their theoretical B, values. In Table 5-10,
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measured values for intrinsic coercivity can be observed. Considering that the as-received
MQP S powder exhibits an H; range of 670-750 kA /m [91], it becomes evident that certain
FDM batches displayed H. lower than that of the as-received MQP S powder. This decrease
in He can be attributed to inappropriate processing conditions that may have altered the
microstructure of the materials. Poor adhesion between the polymer matrix and the
magnetic particles results in a reduction in coercivity. It is worth mentioning that during
filament extrusion, the feedstock material, including MQP S powder, was exposed to a
temperature range of 180 °C to 200 °C for a 30-min duration. This thermal exposure likely
contributed to the oxidation of MQP S particles. Furthermore, any occurrence of larger
grain sizes or misaligned grains during the printing process could lead to a decrease in Hg
values. Interestingly, the batch containing a coupling agent stands out as the exception,
maintaining the same H values as the as-received MQP S powder. This further confirms
that the coupling agent could effectively shield the magnetic powder during filament
manufacturing and extrusion processes.

Table 5-10: Summary of magnetic properties for FDM printed cylinders: maximum energy
product (BHuax), measured and theoretical remanence (B:), and intrinsic coercivity (He).

BHmax Br theoretical Br measured [%

S 1 Hci kA Br measured T
ampie [kz]/mg] [ /m] ' [In } [mT} Of Br thc()rctical]

MQP

294 +£04 650 £ 1 432.3 £ 3.5 488.1 88.6
S/PA12
Mar 28.3 £ 0.1 710.2 £ 0.8 422.1 £ 0.8 498.7 84.7
MQP

28004 649.7 £ 1.2 422.1 £ 2.7 488.1 86.5
S/PA12*
MQP

279+ 1.5 650 £ 0.3 4344 £ 0.8 488.1 89.0
S* /PA12*

Tensile test results of batches of FDM-produced composites, presented in Table 5-11,
provide an overview of how different treatments and the inherent characteristics of FDM,
such as increased porosity and layer adhesion variability, impact the mechanical properties
of these materials. All batches exhibited variations in elastic modulus as well as relatively
large standard deviations, indicating potential inconsistencies in material properties. This
variability could stem from the FDM process itself, where issues in layer consolidation can
lead to poor interlayer adhesion, reducing the structural integrity of the printed parts.
Additionally, porosity within the layers is a common concern in FDM printing, further
contributing to potential weaknesses in the mechanical structure and impacting the elastic
modulus measurements [131]. The addition of 0.5 wt.% of organo-titanate in MQP S/PA12
CA led to a reduced modulus of 141 + 40 MPa when compared to MQP S/PA12, indicating
enhanced flexibility but at the cost of increased brittleness, as evidenced by its significantly
lower ductility (5 + 2%). In the third batch, MQP S/PA12* where PA12 was treated with
low-pressure microwave plasma, a considerable increase in stiffness was observed, with an
elastic modulus of 974 + 161 MPa. This suggests that plasma treatment improves material
properties, likely due to enhanced adhesion at the molecular level. The final batch, MQP
S*/PA12*, which underwent dual plasma treatment, presented a balanced profile of
moderate stiffness (578 + 389 MPa) and the highest ductility (21 £ 2%), indicating an
optimal combination of treatments for improved flexibility and consistency. Across all
batches, tensile strength values were relatively similar, ranging from 5.5 to 6.9 MPa.
Despite the different treatments, this uniformity suggests that while FDM-produced
materials can withstand some tension, their strength in resisting a pulling force is not
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exceptionally high, which is a characteristic to be considered in their application. Overall,
the results show that the tensile properties of FDM-produced materials, particularly elastic
modulus and elongation at break, vary significantly across different batches, emphasizing
the crucial role of specific treatments in material optimisation. Evidently, microwave and
radiofrequency plasma treatments have been shown to enhance these properties markedly.
Despite these variations, the tensile strength across all batches remains consistently limited,
underscoring a characteristic trait of FDM materials in their response to tensile stress.
When it comes to flexural properties, presented in Table 5-12, the first batch, MQP
S/PA12, which combined MQP S filler with PA12 without coupling agents, demonstrated
a flexural strength of 14 + 2 MPa and a strain of 6 &+ 2%. This serves as a reference for
the untreated material’s performance. In contrast, the second batch, MQP S/PA12 CA,
which included an organo-titanate coupling agent, showed a lower flexural strength of 10
+ 1 MPa but a slightly higher strain of 7 4+ 1%, suggesting that the addition of the coupling
agent may lead to a decrease in strength but a marginal increase in flexibility. The third
batch, MQP S/PA12* where PA12 underwent microwave plasma treatment, exhibited a
flexural strength of 10 &= 1 MPa and an increased strain of 8.6 4 0.3%, indicating that
plasma treatment of the polymer powder can enhance the material’s flexibility. This is
evident in the higher strain value compared to the untreated and coupling agent-treated
batches. The final batch, MQP S*/PA12* where both MQP S and PA12 underwent
radiofrequency and microwave plasma treatment, respectively, showed the highest flexural
strength of 15.4 + 0.4 MPa and a strain of 5 + 1%. This suggests that the dual plasma
treatment significantly enhances the material’s strength while maintaining a comparable
level of flexibility to the untreated batch. These results highlight the influence of material
treatments on the flexural properties of FDM-printed composites. The inclusion of a
coupling agent and plasma treatments, particularly dual plasma treatment, has been found
to significantly alter the flexural strength and strain, demonstrating the potential for
tailoring material properties through specific processing techniques in FDM applications.

Table 5-11: Overview of elastic modulus, tensile strength, and elongation at break for
different batches of 7 wt.% for PA12 and 93 wt.% for Nd-Fe-B FDM-produced composites.

Elastic Modulus Tensile Strength Elongation at
Batch

[MPal at Yield [MPa Yield [%)]
MQP S/PA12 621 + 247 6.9 + 0.3 17+£4
MQP S/PAL2 141 £ 40 6+1 5+ 2
CA
MQP S/PA12* 974 £+ 161 5.5+ 0.3 16 + 4
MQP S*/PA12* 578 £ 389 6+1 21 £ 2

Table 5-12: Overview of flexural strength and strain for different batches of 7 wt.% PA12
and 93 wt.% Nd-Fe-B FDM-produced composites.

Flexural Strength Flexural  Strain

Batch MPal %)
MQP S/PA12 14 £ 2 6+ 2
MQP S/PA12 CA 10+ 1 7T+1
MQP S/PA12* 10+1 8.6 £0.3

MQP S*/PA12* 154 +04 5+ 1
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Figure 5-8 displays SEM micrographs of the fractured surfaces from each batch after
the tensile test. It is evident from the images that the breakage occurs directly along the
magnet/polymer interface, suggesting that delamination is more likely to occur in regions
with smooth, uniform surfaces compared to areas with irregularly shaped particles [81].
This observation underscores the importance of particle morphology in influencing the
adhesive bonding within the composite, potentially affecting the overall mechanical
integrity of the printed structures.

Batch 1 - MQP S/PA12 Batch 2 - MQP S/PA12 CA Batch 3 - MQP S*/PA12 Batch 4 - MQP S*/PA12*

Figure 5-8: SEM images of the fractured surfaces after the tensile test.Note that spherical
lighter-coloured particles represent MQP S particles, while the darker material corresponds
to the PA12 matrix.

5.3.3 Evaluation of environmental stability and corrosion resistance

Environmental stability assessment of the FDM-printed magnets involved subjecting them
to two distinct test scenarios. Magnetic flux measurements were taken before and after
each test and the results are presented in Table 5-13 and Table 5-14, distinguishing between
reversible and irreversible flux losses. When the magnets were immersed in deionized water
at 85 °C for 1000 h, both reversible and irreversible flux losses were remarkably low, with
the irreversible loss being below the detection limit.

Table 5-13: Results of the tests performed by immersion in water at 85 °C for 1000 h show
reversible and irreversible flux losses (%).

Reversible flux loss Irreversible flux loss

Batch %) %) Rusting
MQP S/PA12 1 0 Low
MQP S/PA12 CA 0.6 0 Low
MQP S/PA12* 0.6 0 Low
MQP S*/PA12* 1.4 0 Low

Table 5-14: Bulk corrosion test results at 120 °C for 500 h show reversible and irreversible
flux losses (%).

Reversible flux loss  Irreversible flux loss )
Batch Rusting
[%] [%]
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MQP S/PA12 2.8 0.5 Low
MQP S/PA12 CA 36 0.4 Low
MQP S/PA12* 2.5 0.1 Low
MQP S*/PA12* 2.3 0.4 Low

This finding suggests that despite the inherently higher porosity of the FDM-printed
samples compared to magnets produced using alternative formative manufacturing
technologies, the former can find industrial applications in environments where exposure
to water solutions at elevated temperatures is expected. Similarly, Table 5-14 illustrates
the flux loss after the BCT. In this case, as well, the magnets exhibited minimal flux loss,
indicating their resistance to hygrothermal corrosion. The consistently low or zero
irreversible flux loss observed after both tests underscores the potential of FDM technology
in rapid prototyping. Additionally, minimal surface rust was observed after both tests,
affirming the material’s durability.

5.4 Conclusions

This research has demonstrated the effectiveness of FDM technology in fabricating Nd—
Fe-B magnets bonded with polyamide 12, utilizing plasma treatments to improve the
adhesion between inorganic magnetic and organic polymer powder. The utilisation of low-
pressure radio frequency plasma for Nd—Fe-B and low-pressure microwave plasma for PA12
has enhanced the mechanical strength of FDM-printed magnets without compromising
their magnetic performance. Key findings include the achievement of material densities
ranging from 92% to 94% of theoretical values, with magnetic remanence across batches
reaching 85% to 89% of theoretical predictions. Tensile strength values were consistently
reported between 5.5 to 6.9 MPa across all treatments, highlighting the uniform resilience
of the materials under tension. Flexural testing further illustrated the impact of processing
techniques on material properties. The dual plasma-treated batch showcased the highest
flexural strength at 15.4 + 0.4 MPa, with a strain of 5.3 &+ 0.5%, indicating a significant
enhancement in material strength while maintaining rather adequate flexibility.

Environmental stability assessments underscored the materials’ resistance to
hygrothermal corrosion, with both reversible and irreversible flux losses remaining
remarkably low or negligible (below the detection limit) after 1000 h of immersion in
deionized water at 85 °C. Bulk corrosion tests supported these findings, demonstrating
minimal flux loss and indicating superior durability and resistance of the plasma-treated
magnets to environmental stressors.

The integration of plasma treatments with FDM printing technology offers a promising
pathway to produce Nd-Fe-B/PA12 polymer-bonded magnets, achieving advancements in
mechanical strength and magnetic properties without deterioration of environmental
stability. This study underlines the potential of specific plasma treatments in optimizing
the performance of FDM-printed magnetic materials, paving the way for their application
in a variety of demanding environments.

Despite these promising results, there are some limitations to consider. Firstly, the
FDM process results in materials with lower density and increased porosity compared to
conventional technologies like injection moulding. This may limit the suitability of FDM
for applications requiring fully dense materials. Additionally, the manufacturing of
printable filament remains challenging and may require further optimisation for large-scale
applications. While this study has demonstrated significant advancements in mechanical
strength and magnetic properties, further research is needed to address these limitations
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and explore scalable and versatile manufacturing solutions for advanced magnetic
applications.
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Chapter 6
Conclusions

This dissertation has rigorously tested and validated the central hypothesis that specialized
surface treatments can significantly enhance the mechanical strength, magnetic properties,
and environmental resilience of polymer-bonded Nd-Fe-B magnets. Through targeted
experiments designed to test specific hypotheses, this research has confirmed the
effectiveness of these treatments, offering promising approaches for enhancing the
functionality of Nd—Fe-B magnets in various applications.

The first publication provided robust evidence supporting hypothesis 1 that surface
modifications using phosphatisation, TEOS, and APTES can enhance the properties of
Nd-Fe-B magnets. The treated magnets demonstrated superior mechanical properties with
a tensile strength increase of 62%, an elongation at break improvement of 16.7%, and an
elastic modulus enhancement of 19.9%. Additionally, these magnets showed exceptional
environmental stability, with less than 5% flux loss under severe conditions, thus validating
the hypothesis that surface treatments can enhance both mechanical and environmental
performance without compromising magnetic properties.

Addressed in the second publication, hypotheses 2 and 4 were explored through the
utilisation of organo-titanate coupling agents and the selection of gas-atomised magnetic
particles for FDM printing. The findings showed that filaments made with gas-atomized
particles not only had superior flowability but also resulted in printed magnets with a
higher density and lower porosity. These magnets displayed a remanence (B,) of 426 mT
and an energy product (BHuax) of 29 kJ/m® compared to those made with melt-spun
powders, which achieved a remanence of 456 mT and an energy product of 35 kJ/m?® The
robust performance of these magnets, particularly their enhanced corrosion resistance and
thermal stability, directly supports the hypothesis that the material and processing
adjustments can significantly impact the quality and functionality of printed magnets.

The third publication focused on applying plasma treatments to enhance the adhesion
between magnetic powders and the polymer matrix in FDM-printed magnets. The treated
batches exhibited impressive mechanical properties with an elastic modulus of 578 MPa
and increased ductility at 21%. These enhancements, along with maintaining excellent
magnetic properties with a remanence up to 89% of theoretical values, conclusively support
the hypothesis that plasma treatments can significantly improve mechanical and magnetic
properties without compromising environmental stability.

The confirmation of these hypotheses through detailed experimental work highlights
the scientific relevance of this dissertation. Each of the tested strategies not only proved
its effectiveness but also contributed significantly to advancing the technology of Nd—Fe—
B polymer-bonded magnets. This research has broadened the potential applications of these
magnets, particularly in demanding environments, and paves the way for more sustainable
manufacturing practices within the field. The successful implementation of these innovative
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surface treatments and processing techniques substantiates the dissertation's contribution
to enhancing the performance and sustainability of rare earth magnets, marking a
significant step forward in the application and development of advanced magnetic
materials.
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