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ABSTRACT

Additive manufacturing enables the production of complex parts with less
tooling and minimum material wastage. Polymer composites with magnetic
functionality are promising for many applications like sensors, non-contact actuators
and permanent magnets for electromechanical devices. The primary goal of this
research work is to develop magnetic particle reinforced polymers and engineer
additive manufacturing processes for manufacturing magnetic field responsive
composites and permanent magnets involving hard ferrites and critical rare earth
materials. Two different additive manufacturing techniques namely, stereolithography
and material jetting were utilized to manufacture both isotropic and anisotropic
magnetic composites. Irrespective of the additive manufacturing technique, developing
magnetic polymer formulations that offer synergistic properties are a prerequisite for
developing composites with engineered properties. The research study is broadly
classified into four sections. The first section deals with the manufacture of isotropic
magnetic field responsive composites using a stereolithography process. A commercial
3D printer with the capability of printing UV curable resins was utilized. Adopting a
structured experimental framework, the curing behavior of magnetic particle reinforced
formulations and dimensional variability in printed magnetic composites were
evaluated. It was observed that characteristics of 3D printed magnetic structures depend
on the formulation materials, 3D printing equipment and the process parameters. The
second section of the study deals with the manufacture of field structured magnetic
composites using material jetting additive manufacturing process. The finite element

method in magnetics was used to develop permanent magnet-based particle alignment
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fixtures to orient ferromagnetic particles during the printing process. Directionality
analysis using microscopic images was conducted to evaluate the orientation angle and
count of oriented structures at specific orientation angles. Fundamental work carried
out in this section enabled the development of a 3D printer with magnetic particle
alignment capability. Ferromagnetic particle reinforced formulations were engineered
to exhibit enhancement in low shear viscosity and time dependent viscosity recovery
that enabled control of particle aggregation, particle chaining and control of
microstructure distortions in the UV curable polymers. X-Ray diffraction technique
was used to identify the orientation of the easy axis of magnetization in anisotropic
specimens. Magnetic characterization conducted on field-structured composites
exhibited enhanced magnetic characteristics along the direction of field structuring.
The third section of the study entailed the manufacture of permanent magnets using
magnetic particles and additive reinforced epoxy resin formulations. Modifications in
rheological behavior of polymer formulations was achieved adopting multimodal
magnetic particle mixtures and additive materials. Control of particle settling,
modifications in rheological behavior and geometric stability were accomplished using
an additive that enabled controlling the formulation behavior at different process
conditions. The characterization of magnetic polymers and composites using
rheometry, scanning electron microscopy, X-ray diffraction and magnetometry
analyses enabled correlating of the behavior observed in different stages of the
manufacturing processes. In the fourth section of the study, an acrylate based UV
curable photopolymer was engineered for additional thermal cure, and permanent

magnets with a filler loading of up to 80 wt% were printed using the engineered
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formulation. Overall, this research work broadens the capabilities for manufacturing
magnetic composites with properties tailored for a multitude of engineering
applications and provides a framework to understand to role of engineering material

formulations to suit a wide range of processing conditions and requirements.
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PREFACE

Certain sections of this thesis document have been published previously by the
author or will be published in peer reviewed journal papers. Following is a list
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e Chapter 3 has been prepared for submission as a journal and conference paper
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CHAPTER 1: INTRODUCTION

1. Overview of Chapter 1

Chapter 1 provides an introduction to different fundamental scientific and
manufacturing subject matter related to this PhD research work. Concepts and technical
literature related to magnetism, magnetic materials, manufacturing methods for
permanent magnets, structure property relationships, applications of magnetic
materials in flywheel energy storage systems, microscale components, additive
manufacturing (AM) methods and material behavior requirements for AM processes
are discussed. Chapter 1 concludes with stating the hypothesis, motivation, objectives

and the significance of this thesis research work.

1.1 Magnetism — An introduction

Magnetism deals with the science of a material’s ability to attract or repel
ferrous objects without any physical contact. Magnetism in materials originates from
the spin of a nucleus, orbital motion of the electrons and spin of the electrons.
Magnetism is associated with the angular momentum of elementary particles, and
hence, the orbital moments can be understood in terms of Bohr’s atom model where
the electrons revolve around the nucleus in circular orbits. The magnetic dipole
moment, which is a fundamental magnetic quantity, is expressed in terms of angular

momentum as follows:

___¢ (1.1)
m = 2mel

In Eq. 1.1, e is the charge of an electron, [ is the angular momentum and m,, is the mass

of an electron. These electron spins lead to the inherent magnetization in materials. In



many naturally occurring materials the resultant magnetic moment is zero, whereas in
magnetic materials, there exists a resultant moment of certain magnitude depending on
the orientation of the electron spins resulting in a net magnetization [1]. Magnetism is
primarily classified into five types namely, diamagnetism, paramagnetism,
ferromagnetism, ferrimagnetism and antiferromagnetism. These classifications are
based on the net contribution of the magnetic moments in materials to their overall
magnetization. Materials exhibit diamagnetism when their magnetic response opposes
the applied external magnetic field. Examples of diamagnetic materials include copper,
silver, gold and bismuth. Paramagnetism is a type where the magnetization is weak but
aligns parallel to the direction of applied external magnetic field. Material examples
include aluminum, platinum and manganese. Diamagnetic and paramagnetic materials
require an externally applied magnetic field to exhibit magnetic behavior. In
ferromagnetic materials, the magnetic moments orient themselves along the direction
of the applied magnetic field and retain the magnetization direction even when the
external field is removed. Iron, cobalt, nickel and some rare earth materials belong to
the category of ferromagnetic materials. Ferrimagnetism is a scenario where the
magnetic moments in materials have opposite directions with different magnitude of
magnetization. This difference in magnitude results in a net magnetization. Iron oxide
(Fe304), yttrium- iron garnet and y-Fe2Os are the most familiar ferrimagnetic materials.
Anti-ferromagnetism arises when the neighboring electrons align themselves in the
opposite direction with equal magnetic moments. Hence, the net magnetization is zero
and such materials are unable to retain the magnetization in the absence of an external

magnetic field [2].



1.2 Fundamental terminologies in magnetism

Magnetization of a material, M, is defined as the magnetic moment, m,
generated per unit volume of material, /. Mathematically, magnetization is expressed

as

M =

<| 3

(1.2)

Magnetic fields are produced when an electrical charge is in motion. This can be due
to the orbital motion and spin of electrons or due to electric current flowing through a
conductor. When a magnetic field is present in a free space there is always a magnetic
flux associated with it. The magnetic flux is denoted by ¢ and it is measured in units of

Weber. In the case of a permanent magnet the magnetic moment (m) is given by

m=pl;{p=u%} (1.3)

where p is the pole strength and / is the dipole length. The magnetization (M) is thus

expressed as

m="2_5 (1.4)
HoA Mo '

The magnetization (M) is an inherent contribution of the magnetic material and there
is no external electric current present to generate the magnetic field. However, in the
presence of an applied field (H), the magnetic flux density (B) or magnetic induction
in free space is expressed as

B = poH (1.5)
where 1, is the permeability of free space. However, in other media, po is replaced with
p which represents the permeability of the medium. In Eq.1.5, it should be noted that

B is not a linear function of H. For ferromagnetic materials p varies rapidly with the
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magnetic field (H). Magnetic flux density primarily consists of two contributions, i.e.,
one from the magnetic field (H), and the other from magnetization (M). The magnetic
induction in free space is poH and induction from the magnetization of the material is

oM. The resultant magnetic induction is a vector sum of the two quantities

B = py(H+ M) (1.6)
Magnetic materials are primarily classified based on susceptibility or permeability. The

permeability is defined as

)= (1.7)

B
H

Magnetic susceptibility is defined as

¥ = (1.8)

T

The susceptibility of ferromagnetic materials is positive and typically ranges between
50 and 10,000 [2]. Susceptibility of a material depends on the direction in which it is

measured.

1.3 Ferromagnetism and magnetic domain theory

Among many types of magnetism discussed before, ferromagnetism is of great
interest as it is the underlying principle behind the behavior of permanent magnet
materials. It is necessary to understand ferromagnetic materials on a microscopic scale
(at the level of magnetic domains) to establish the evolution of magnetic properties. In
a microscopic scale, magnetization varies within the ferromagnetic material. A
ferromagnetic material contains physical regions of uniform magnetization called
magnetic domains. Magnetic domains are a natural consequence of different energy

contributions like anisotropy energy, exchange energy, magnetoelastic energy and



magnetostatic energy [3]. According to magnetic domain theory, the atomic magnetic
moments in a ferromagnetic material are ordered even in the demagnetized state.
However, due to the net configuration of individual domains, there exists a difference
between the magnetized and demagnetized states. The direction of alignment varies
from one domain to another since magnetic moments tend to align along certain
crystallographic axis (axis of easy magnetization) in the absence of an external field.
The natural direction of magnetization within a ferromagnetic domain usually lies
along one or more easy axes. This tendency in magnetic materials is called magneto
crystalline anisotropy and the energy associated is called anisotropy energy [1].
Exchange energy describes the interaction between neighboring magnetic moments.
This exchange interaction enables adjacent moments to couple, enabling
ferromagnetism in materials. Magnetoelastic energy arises from the interaction
between magnetization and mechanical strain of the crystallographic lattice. When
stresses are present in a magnetic material, they tend to have a preferred magnetization
direction. The contribution from the magnetization of the material is called the
magnetostatic energy. The process of rearranging the magnetic domains accomplished
by applying an external magnetic field is called “magnetization”. At low applied
magnetic fields, the growth of magnetic domains occurs for domains aligned parallel
to the direction of applied magnetic field, and magnetic domains pointing opposite to
the magnetic field experience domain size reduction. At moderate field strength, the
atomic magnetic moments in the direction opposing the applied field overcomes the
anisotropy energy and rotate from their original direction of magnetization to the

crystallographic easy axis nearest to the applied field direction. In simple terms, the



domains undergo a rotation in the applied magnetic field. At higher magnetic field
strength, all the magnetic moments are aligned along the preferred crystallographic
easy axis lying close to the field direction. This results in a material with domains
pointing towards a single direction [2]. The dynamics of such magnetic domains under

the influence of an external magnetic field gives rise to ferromagnetic behavior.

1.4 Ferromagnetic material behavior and properties

The fundamental characteristic of a ferromagnetic material is its irreversible
nonlinear response of its magnetization to an externally applied magnetic field. The
bulk magnetic properties of a ferromagnetic material is a plot of magnetic induction for
different applied magnetic field strengths. This plot is called a hysteresis loop and it
primarily determines the suitability of ferromagnetic materials for different
applications. For example, magnetic materials for electromagnets should exhibit low
remanence and coercivity so that the magnetization is reduced to zero. Conversely,
magnetic materials for permanent magnets need high remanence and coercivity to
retain maximum magnetization. Many parameters useful in characterizing magnetic
materials are obtained from the hysteresis loops. Three important parameters include
saturation magnetization (Ms), remanent magnetization (Mr) and coercivity (Hc).
Figure 1.1 shows the magnetization (M) versus applied field (H) curve normally
referred to as the hysteresis curve. Once the external field is applied the domains begin
to align in the direction of the field and magnetization occurs. The curve plateaus at a
point (Point A) and it is referred to as saturation magnetization. No matter how much
additional field is applied, the ferromagnet will not gain magnetization above this point.

At the point where the applied field is zero (Point B) the ferromagnet retains some



magnetization. This is known as remanence or retentivity. It is the measure of
remaining magnetization when the applied field is zero.

M

Magnetization

®

saturation

-H 5 H

Applied magnetic field

-M

Figure 1.1: Hysteresis loop of a ferromagnetic material (Ms — Saturation
magnetization, MR — Remanence, Hc — Coercivity).

H. is referred to as the coercivity of the ferromagnetic material. It is the reverse
field required to drive the magnetization to zero after being saturated (Point C). One of
the fundamental characteristics of a permanent magnet is its ability to generate a strong
magnetic field in the absence of an external magnetic field. The critical property that
determines the ability to generate a magnetic field is remanent magnetization. Magnetic
domains within the ferromagnetic materials play a significant role in determining the
overall remanent magnetization of the material. Magnetic domain theory suggests the
alignment of magnetic domains along the magnetic easy axis. The extent to which the
domains remain aligned once the external magnetic field is removed determines the
remanent magnetization. The ability of a material to resist demagnetization is

determined by coercivity. Many applications involve magnetic materials to withstand
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demagnetizing fields. Coercivity is primarily determined by the ability of domain walls
to move within the material. If the domain walls are difficult to move or nucleate, larger
magnetic fields will be required to demagnetize the material, and hence, the material
has a high coercivity. Temperature is one of the primary factors affecting magnetic
properties as ferromagnetic materials experience a transition to paramagnetic behavior.
an important parameter is the Curie temperature at which a material experiences sudden
drop in remanent magnetization and coercivity. With increasing temperature, the atoms
gain enough thermal energy to disrupt the magnetic ordering (i.e. thermal energy

overcomes the exchange energy) resulting in the magnetic behavior transition [2].

Properties of magnetic materials are classified into intrinsic and extrinsic
properties. Magnetic characteristics of a material that are dependent on the crystal
structure and chemical composition are referred to as intrinsic properties. Such
properties include spontaneous magnetization, magneto crystalline anisotropy and
Curie temperature [4] [5] [6]. Magnetic properties derived from the hysteresis loops are
referred to as extrinsic properties. Extrinsic magnetic properties include remanence and
coercivity that reflect the actual magnet morphology. Remanence and coercivity
obtained from hysteresis loops of ferromagnetic materials are dependent on the
morphology, metallurgical microstructure and defects present within the material [6].
Based on properties like remanence and coercivity, magnetic materials are classified
for applications like permanent magnets, electric motors, inductors, magnetic recording
and power generation. Magnetic materials are further classified into hard and soft
magnetic materials depending on their coercivity values. Materials with coercivity

values less than 1000 A/m are considered magnetically soft, and materials with



coercivity greater than 10000 A/m are considered magnetically hard. Soft magnetic
materials are utilized in applications that require amplifying the magnetic flux
generated by electric currents. Hard magnetic materials are used in applications that
involve generating a high magnetic flux like electric motors, generators, moving coil

meters and control devices for electron beams [2].

1.5 Manufacturing methods for permanent magnets and associated properties

Critical factors that govern the successful manufacturing of permanent magnets
are the material composition, microstructure and the processing route. Common
manufacturing process routes include sintering, polymer bonding and hot deformation.
Methods commonly used to make polymer-bonded permanent magnets include
compression molding, injection molding and calendaring. Irrespective of the adopted
manufacturing technique, one common step in magnet manufacturing processes is the
application of an external magnetic field to align the crystallographic easy axis to obtain
anisotropic magnetic characteristics [7]. Even though commercially available magnetic
materials are polycrystalline in nature, understanding the significance of texturing
magnets can be understood from the Stoner-Wohlfarth model for hysteresis for single
domain particle systems [2]. Figure 1.2 exhibits the hysteresis loops for anisotropic and
isotropic magnetic particle distribution. With the particles aligned applying an external
magnetic field, the hysteresis loop would be broader with remanence values nearly
equivalent to the saturation magnetization whereas for an isotropic particle distribution,

the remanence is half its saturation.
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Figure 1.2: Schematic of a hysteresis loop for single domain particle with applied
field parallel (left) and perpendicular (right) to the direction of magnetization.

Examples from technical literature include neodymium iron boron (NdFeB)
magnets fabricated by Xiao-Lei and co-workers using injection molding technique [8].
In this work, anisotropic NdFeB powder mixed with a polymeric binder was warm
pressed in the presence of an electromagnetic field of 2.5 Tesla in magnitude. Field
structured magnetic composites were fabricated using uniaxial and biaxial magnetic
fields producing chain like and sheet like particle structures. Such composites exhibited
large anisotropies in magnetic remanence due to the local field effects combined with
the large crystalline anisotropy of the material [9]. Enhancements in magnetic
susceptibility was observed for Fe based nanoparticles along the direction of particle
structuring [10]. Bonded hybrid magnets using NdFeB blended with ferrite and
carbonyl iron powder were fabricated using a compression molding technique. It was
found that the addition of ferrite enhanced the coercivity of the polymer bonded
magnets [11]. It was observed that the resultant magnetic properties were dependent on
the type of magnetic powder, polymer, loading factor and molding technology [12].
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Compaction pressure applied during the compression molding process was observed to
enhance remanence and decrease coercivity as reported in the technical literature [13].
Similarly, ferrite based magnets have also been manufactured using powder injection
molding technique and later sintered to achieve the best magnetic properties [14].
Remanence magnetization of strontium ferrite permanent magnets textured in a
magnetic field were enhanced by a factor of 1.4 compared to their isotropic
counterparts [15]. Apart from the above mentioned examples, permanent magnet
materials find significant applications in energy storage devices and composites
developed in microscale for many micro-electromechanical-systems (MEMS)

applications.

1.6 Applications in flywheel energy storage systems

A flywheel energy storage device can be considered a mechanical battery that
converts rotational kinetic energy to electrical energy and vice versa. Flywheel systems
employing composite material rotors have been considered primarily for applications
where high power capacity is required [16]. Recently, flywheel systems were
developed as true energy storage devices, which are also known as electromechanical
batteries. One remarkable example of a flywheel energy storage system is the
“Gyrobus”, which was developed by Maschinenfabrik Oerlikon in Switzerland in the
1950’s. Disk shaped flywheels were initially made out of steel and had a maximum
speed of 3000 rotations per minute (rpm). In recent times, high strength materials like
fiber reinforced polymer composites are used to manufacture flywheel rotors. A
flywheel energy storage system (FESS) experiences negligible performance

degradation during charge-discharge cycles and can be designed to have large power
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and energy capacity by selecting the appropriate electrical machine and flywheel rotor.
In a FESS, a single electrical machine functions as both the motor and generator. Other
important components of a FESS are low-friction bearings (magnetic), a vacuum
enclosure, and a power electronics unit. Modern-day flywheels operate at high speeds,
typically ranging from 30,000 to 50,000 rpm. High-strength and light-weight materials
like carbon fiber and glass fibers are mainly used to manufacture flywheel rotors. A
FESS employs an electrical machine (motor/generator unit) to spin the flywheel to high
speeds and convert rotational kinetic energy back to electrical energy. High speed
electrical machines are generally equipped with permanent magnet materials that have
high saturation magnetization and large coercive force. Ha et al. optimized the design
of a hybrid composite flywheel rotor with integrated permanent magnets attached to
the inner rims of a flywheel rotor [17]. An emerging design approach is to integrate the
electrical machine functionality into the flywheel rotor by incorporating magnetic
particles into composite polymer matrix. Suitable rare earth materials like NdFeB and
samarium-cobalt have been tested for flywheel applications. Rare earth magnetic
particles in a size range of 100 to 150 um were found to be appropriate for the
application, and composite flywheel rims were manufactured by the process of filament
winding [18]. Fiber reinforced composite materials combined with high energy
permanent magnet materials enabled the development of magnetically loaded
composite rotors with mechanical and magentic properties for utilization as an external
rotor for a brushless permanent magnet electrical machine [19]. Mason et al. identified
the potential of a magentically loaded fiber reinforced rotor with an Halbach

magnetized configuration appropriate for FESS applications. By loading the fiber
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reinforced rotor with hard magentic particles, a permanent magnet rim(s) can be
integrated with the flywheel rotor. Additionally, composites with soft magnetic
particles were observed to be suitable for magnetic bearings used for flywheels [20].
Apart flywheel rotor systems, magentic composites were also developed with
charactertics suitable for flywheel lift magnet applications using bi-disperse iron
particles [21]. Edwards et al. developed magnetic composites for electromechanical
applications by incorporating iron particles in epoxy resin [22]. Reductions in
mechanical properties were observed, and the focus was on enhancing the magnetic
characteristics. Integrating magnetic particles with fiber reinforced composites enabled
developing processes to tailor the needs for various electromechanical applications in

terms of both mechanical and magnetic properties.

1.7 Applications in microscale systems

Functional magnetic composites, magnetic shape memory alloys, magnetic
micro electromechanical systems (MEMS) and magnetic elastomers use a variety of
magnetic materials [23]. Magnetic forces offer an attractive option for actuation in
MEMS devices due to contact free actuation capabilities. Microscale magnetic
actuation capabilities have led to the implementation in a variety of microfluids and
MEMS devices. In the field of micro-robotics, magnetic forces are used to provide
wireless control and power to perform complex three-dimensional motions. Integration
of different magnetic fillers with the polymer resin remains a significant challenge in
the fabrication process [24]. Fabrication of micromagnets using traditional ultraviolet
(UV) lithography and micro-molding techniques have already been reported in the

technical literature. However, technical challenges like controlling suspension
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viscosity for spin coating processes, particle settling, and precise control of particle
alignment still exist in the fabrication of magnetically loaded polymer composites for
microscale applications [25]. A micropump with diffuser elements and an integrated
composite magnet was developed using NdFeB magnet powder dispersed in
polydimethylsiloxane (PDMS) resin [26]. High performance NdFeB micromagnets
using magnetron sputtering and high power plasma etching techniques have been
reported in the technical literature [27]. Using low modulus membrane materials,
elastic hard magnetic films with the ability to produce bi-directional deflections in an
external magnetic field were fabricated using microfabrication approaches [28].
Mechanically compliant, magnetically responsive micro structures using a
ferromagnetic photoresist containing nickel nanospheres dispersed in photosensitive
epoxy resin (SU8) were fabricated using UV lithography based approaches [29]. Screen
printing was used as a technique to fabricate strontium ferrite thick films with an easy
axis orientation perpendicular to the films surface [30]. Hard magnetic films were
fabricated by embedding anisotropic NdFeB particles in a polymethylmethacrylate
polymer matrix for MEMS applications. Fabricated thick films exhibited out of plane
macroscopic magnetic anisotropy [31]. The immense capabilities of magnetic field
responsive materials in terms of magnetic actuation, deformation capabilities like
stretching, bending, rotation upon exposure to magnetic fields and abilities for
controllable drug release and shape memory devices have made polymer based
magnetic materials a topic of intensive research [32]. Even though many robust
manufacturing approaches exist, new innovations in materials and manufacturing

processes can significantly enhance the performance of many functional devices. One
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such fast emerging technology is Additive Manufacturing (AM), which will be detailed

din the next section.

1.8 Additive manufacturing — Current state for the art

Additive manufacturing, also known 3D printing, is a rapid prototyping
technique where a component is built by adding the material in a layer-wise fashion.
AM is a freeform fabrication approach that enables manufacturing parts with complex
geometrical shapes with very minimal material wastage. The basic AM process
involves steps starting with model design using a computer aided design (CAD)
software, manipulation of printing data known as STL files (‘STL’ was originally
associated with the term of Stereolithography), machine setup, automated part building
and post processing [33]. Components from a wide variety of materials such as metals,
polymers, composites and ceramics have been made using AM methodologies. Among
these materials, polymers and composites are materials of interest for a variety of
applications in a wide range of industries. AM techniques for polymer based materials
include fused deposition modelling (FDM), stereolithography (SLA), material jetting,
inkjet printing, binder jetting and powder bed fusion. Compared to many traditional
manufacturing approaches, AM methods offer the advantage of product development
and manufacture at shorter lead times with minimum tooling and material wastage. The
primary focus of the present research is on stereolithography and material jetting based
manufacturing approaches utilizing UV curable and thermally curable polymer

formulations.

Stereolithography or vat-photopolymerization is an AM technology that

involves curing of a liquid photosensitive polymer using UV irradiation that supplies
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the energy necessary to induce a chemical reaction [34]. Upon UV irradiation, a
crosslinking reaction is initiated in the multifunctional prepolymer by reactive species
called free radicals. The prepolymer contains “photo-initiators” as one of its
constituents, which upon UV irradiations generates free radicals to initiate the
polymerization reaction through photophysical and photochemical processes. The
highly exothermic curing process creates highly crosslinked polymer network. The
reaction kinetics are strongly influenced by light intensity, resin composition and

temperature. Figure 1.3 shows a basic schematic of the stereolithography process.

Clear or filler
modified >
photopolymer

Build Head
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. UBeaarl“?‘:!r Digital Micro
Mirror

Figure 1.3: Schematic of a stereolithography process.

There are three different configurations widely adopted for the
photopolymerization process. They are vector scan, mask projection and two photon
polymerization configurations. In this research a commercial stereolithography printer
based on mask projection is utilized. Layer-wise curing in stereolithography process
where the entire layer is irradiated using UV is called mask projection
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stereolithography. In the mask projection approach, a large radiation beam is patterned
by a device called a Digital Micromirror Device (DMD) [33]. Materials used in
stereolithography processes comprise of polymerizable oligomers, photo initiators,
reactive diluents and other additives. Photo initiators are the fundamental and most
important component as they serve as materials for initiating the polymerization
reaction and directly govern the rate of cure. Photo initiators are classified into free
radical initiators and cationic initiators. The majority of stereolithography resin systems
based on acrylate monomers utilize free radical photo initiators. The molecular
structure of the acrylate monomer is shown in Figure 1.4, where symbols C, O and H
represent the carbon, oxygen and hydrogen atoms and R denotes vinyl groups. A vinyl
group is a molecular structure with a carbon-carbon double bond. It should be noted

that it is these vinyl groups that enable crosslinking of the photopolymer.
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Figure 1.4: Molecular structure of acrylate monomer.

Photosensitive polymers reinforced with metal and ceramic fillers have been a
rapidly evolving research field in AM. Development and characterization of ceramic

structures have been widely reported in the technical literature [35]-[39]. Several
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factors like the type of formulation materials, UV laser characteristics and machine
tunable process parameters were observed to influence the successful fabrication of
ceramic structures. It was observed that the rheological properties of the formulation
materials governed different aspects of the manufacturing process, ranging from
dispersion stability to resolution of the printed components [40]—[42]. Considering the
development of ceramic structures, the process involves de-binding and sintering
where the polymeric material is removed to allow the ceramic materials to fuse

together.

Similar to stereolithography, researchers have also developed techniques like
inkjet printing, material jetting and direct writing to develop polymer based solid
structures and polymers reinforced with ceramics and metal fillers. A fundamental

schematic of the material jetting process is depicted in Figure 1.5.

Fluid supply
reservior

Figure 1.5: Schematic of a material jetting process.
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Depending on the type of the deposition system, the material dispensing is
either in the form of droplets or a continuous jet. Material jetting as a manufacturing
technique has primarily been adopted for applications like electronic packaging, optics
and applications that require two-dimensional printed structures. Printing machines
capable of three-dimensional printing with acrylate photopolymers and waxy polymers
have been developed by industries. Material deposition was controlled varying both
material and process parameters. Prominent material variables include viscosity and
surface tension, and strategies were adopted to modify the fluid properties. Machine
parameters included the frequency of droplet deposition, velocity and distance between
the nozzle tip and substrate. Micro stereolithography of ceramic structures using
alumina particles dispersed in a photosensitive polymer stabilized using a surfactant
has been reported in the technical literature [43]. For continuous material jetting
process for ceramic materials, Tay et al. determined the surface free energies of several
substrates, spreading of dispensed droplets and identified the role of fluid properties
like surface free energy and surface tension [44]. Printing of solder pastes using droplet
based printing technology gained rapid momentum as there was a continuous drive
towards developing complex integrated circuits at lower costs and smaller device
geometry [45]. There has been growing interests in developing additively
manufactured structures for functional electronics. Espalin et al. showed that with the
base dielectric structure fabricated using stereolithography, material jetting technique
was utilized to dispense conductive inks in channels to provide electrical interconnects
[46]. Using a metal jet, 3D structures were fabricated dispensing molten metal drops;

the technique enabled development of metal structures using the jetting process [47].
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Utilizing fundamental methods to control colloidal suspension rheology, enhanced
control over composition and printed architectures were achieved [48]. Lithium ion
micro battery architectures with possible applications in microelectronics and
biomedical devices were printed using the material jetting technique. Using inks that
exhibited viscoelastic properties, thin walled anode and cathode structures were
printed, and resultant structures exhibited high areal energy density [49]. A review of
AM techniques utilized for bioprinting presented by Tasnim et al. elucidates the

importance of material jetting used as a tool for printing tissues from stem cells using

bio inks [50].

As observed from the above examples involving material jetting as a tool to
develop 3D printed structures, there are many technical challenges to establish a
successful process. Primary challenges include the development of formulation
materials, droplet generation strategies, control of material deposition, material
behavior control on the substrate, curing of the deposited material, and control of
deposition on previously deposited layers. Additional challenges include operational
considerations like path planning of the deposition head, generation of negative
pressure to pull the material back into the nozzle once the deposition is complete,

nozzle clogging and cleaning of nozzles.

1.9 Understanding materials for AM processes

Materials developed for AM processes need to meet certain multidisciplinary
requirements in order to facilitate a successful manufacturing process and satisfy
product performance specification. In freeform fabrication, material selection governs

many aspects of the manufacturing process, including determining process parameters,

20



component geometry, material microstructure and final mechanical and functional
properties of the manufactured component. The prime focus of this research being the
utilization of stereolithography and material jetting to produce magnetic composites,
understanding how the developed materials behave during processing and usage is
vital. One of the areas of primary concern is the behaviour of particles in the polymer
system, their influences on rheological properties, and suitability of polymer

formulations for the AM processes.

Filler modified polymer dispersions contain the base polymer reinforced with
fillers that enable achieving the intended property enhancements in fabricated
components. When these fillers are dispersed in the polymer matrix, they are acted
upon by a multitude of forces. The hydrodynamic force acting on the particle is

expressed as

F" = 6mnaV (1.9)
where a is the particle radius, Vis the velocity of the particle and 7 is the viscosity of
the suspending medium. Particles are additionally subjected to gravity, and

consequently, the gravity force acting is given by Archimede’s principle as follows:

4
£ = =) () @

where p,, and py, are the densities of the particle and the suspending medium and gis

the acceleration due to gravity. Apart from these forces, other effects include
Vanderwall’s, electrostatic, magnetostatic and induced forces in external electrical and
magnetic fields. In many real case scenarios, interactions between particles can be

controlled only if the right measures are taken as part of the formulation and dispersion
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method. The quality of the degree of dispersion is observed to be one of the prime

factors governing many fundamental aspects of filler modified polymer behaviour [51].

Stereolithography and material jetting AM processes demand stringent
rheological requirements to control a broad set of material and process behaviour
requirements like settling control and aggregation control. It is only by controlling the
behaviour of the dispersed particles that the manufacturing process is enabled. The base
resins used for stereolithography primarily exhibit Newtonian behaviour [52].
Rheological characteristics of suspensions are influenced by particle size, particle size
distribution, particle interactions, surface properties of the particles and particle shape.
With increasing volume fraction of the solid filler, suspensions exhibit non-Newtonian
fluid behaviour where viscosity is dependent on shear rate [53]. Similarly, for a material
jetting process the materials should exhibit shear-dependent viscosity reduction to
enable dispensing and sufficient viscosity recovery properties to maintain the geometry
of the deposited material [54]. Similar approaches have been adopted for extrusion type
additive manufacturing of thermoplastic materials [55], [56]. Ceramic material
formulations have been well studied in the technical literature, and formulations
employing surfactant materials have been ascertained as efficient means for achieving
formulation stability and viscosity reduction [41]. Nevertheless, stabilizing magnetic
materials has been rather difficult using surfactant materials for micron sized particles
due to the presence if dipole-dipole interactions [57]. In the case of magneto-
rheological fluids, where magnetic nano or microparticles are dispersed in a polar or
non-polar carrier, ionic or non-ionic surfactants were observed to enhance the stability

through electrostatic and steric stabilization mechanisms [58], [59].
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Polymeric resins with incorporated fillers, modified using additives, exhibit
shear thinning or shear thickening material behaviour. The obtained material behaviour
is highly dependent on shear rate. Several viscosity models exist to characterize the
properties of such formulations. The power law viscosity model is expressed as follows
[60]:

n =ky™? (1.11)
where 771s the viscosity, y is the shear rate, & is the consistency index (or) viscosity and
n is the flow index. A flow index n < I indicates shear thinning behaviour; n > /
signifies shear thickening behaviour; and » =/ indicates Newtonian behaviour.
Another model utilized to describe non-Newtonian viscosity is the Cross model, which
is utilized when viscosity at intermediate shear rates exhibits power law type behaviour.
This model is mathematically expressed as [51]

_ No — Nwo
14 (ky)™

N =N (1.12)
where 1, is zero shear viscosity, 1 is infinite shear viscosity, k is the cross constant
and m is the Cross exponent. To determine yield stress of a formulation, the Bingham
model and Herschel Bulkley model are widely used. The Bingham model is expressed
as follows:

T=To+ Ny (1.13)
where 7 is the shear stress, 7 is the yield stress, 7 is the viscosity and y is the shear

rate. The difference Herschel-Bulkley model compared to the Bingham model is the

inclusion of a power law material behavior term

T= Ty+ Cy" (1.14)
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where n is the Herschel Bulkley index and C is the consistency index [60]. Utilizing
the mathematical models, it is possible to quantify the rheological properties of
different formulations. Selecting the right model also enables determining properties

without significant overestimation.

The rheological characteristics of the developed formulations govern many
aspects of the material and process behaviour ranging from particle aggregation to
finalizing the process parameters for the deposition process. Dispersions exhibit a yield
point primarily due to intermolecular forces due to dipole-dipole interactions. Bonds
through intermolecular hydrogen bonds build up three-dimensional network forces and
exhibit a solid-like structure resulting in elastic material behaviour in the low
deformation ranges. Materials with the ability to build a network structure undergo
structural decomposition under the influence of external forces and time-dependent

structural regeneration once the force is removed.

Analyzing the complex rheological properties of the materials enables a deeper
understanding of the material behaviour. Materials developed for AM processes like
extrusion, material jetting and direct writing are expected to satisfy many fundamental
conditions, one among which is deposit shape control, which is primarily governed by
the nature of the deposited material. Basic characteristics of materials used for material
jetting processes are often time-dependent, and hence, understanding the material
response enables constructing a robust manufacturing framework. Materials with a
viscoelastic character possess combined properties of elastic solids and viscous fluids.

Combined behavior according to Newton’s laws and Hooke’s laws can be observed in
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such viscoelastic materials. An ideal viscous behaviour represented by Newton’s law

in expressed as follows:

T=1n.Y (1.15)
The shear viscosity is independent of the degree and duration of the applied shear load,
and an ideal viscous behaviour can be represented using a dashpot model. Once the
load is removed, the fluid remains in the deformed state. The ideal elastic deformation
behavior according to Hooke’s law is expressed by:

c=E.e(on)t=0G.y (1.16)

where o represents tensile stress, € is tensile strain, £ is the elastic modulus, 7 represents
shear stress, v is shear strain and G is the shear modulus. A spring model is used to
represent an ideally elastic solid. Once the applied load is removed the spring recoils

elastically returning to the initial state.

One basic model to capture the behaviour of viscoelastic materials is the
Maxwell model, which is expressed by a series combination of a spring and dashpot
element. In this combination, the spring exhibits instantaneous deformation
proportional to the applied load. Under constant load, the dashpot starts to move and
continues to move while the force is applied. Upon load removal, the spring recoils
back while the dashpot position remains unchanged. The Maxwell model is expressed

as follows:

=0+

Another basic model describing viscoelastic materials is the Kelvin-Voigt
model, which is mathematically represented as follows:
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=Gy + ny (1.18)
The behaviour of a viscoelastic material according to the Kelvin-Voigt model involves
a spring and dashpot element in parallel. Under the influence of an external load, both
components deform simultaneously. The motion of the spring is slowed by the presence
of the dashpot. Upon load removal, the presence of the dashpot leads to a time-
dependent recovery of the system. Classifying material viscoelastic response is critical
for identifying the material behaviour and associated manufacturing process conditions
[56], [60]. Oscillatory rheology tests are often utilized to examine viscoelastic materials
like polymer solutions and dispersions. Oscillatory tests are also referred to as dynamic
mechanical analysis (DMA). Such tests enable determining the material parameters
storage modulus, loss modulus, and damping factor. The storage modulus is a measure
of the deformation energy stored in the sample, while the loss modulus signifies the
energy dissipated during the deformation process. The damping factor is expressed as
the ratio between the viscous and the elastic portion. The literature referenced above
provides guidance on physical phenomena that govern both material and process

conditions.

1.10 Research hypothesis, motivation and thesis objectives

The present section elucidates (i) the motivation for conducting this research,
(i1) the hypothesis that was formed based on equipment and material considerations
along with scientific fundamentals, and (iii) the objectives constructed based on initial
scientific knowledge relating to materials, equipment and processes. This research was
inspired by technical literature related to the development of magnetic composites for

flywheel energy storage systems, which enabled establishing a fundamental research
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direction toward developing magnetically loaded polymer composites. It was

hypothesized, that using contemporary AM methods, magnetic composites with

permanent magnet properties can be fabricated with filler loadings that enable their use

in high performance electrical machines such as flywheel energy storage systems.

Upon identifying promising AM equipment and scientific methodologies for

constructing novel AM devices, the following research objectives were derived from

the hypothesis with the goal of adapting and designing equipment and material systems

that possess the required capabilities. With this fundamental hypothesis as a baseline,

the following objectives were established:

Investigate the capabilities of commercially available stereolithography
technology to construct magnetic composites and ascertain if the material
formulations can be printed with filler loadings desired for a permanent magnet.
Develop and test devices to construct field structured magnetic composites by
aligning magnetic particles within the polymer matrix for selected AM
processes with the motive of amplifying magnetic properties and create
magnetic composites with anisotropic properties.

Develop AM capabilities based on material jetting technology for fabricating
polymer bonded permanent magnets with the focus of understanding the
capabilities and uncertainties of the developed equipment, materials and

processes within the established research framework.

Based on the initial hypothesis, the overarching motivation became exploring

materials and processes to construct magnetic particle reinforced composites using

stereolithography and material jetting approaches. Magnetic structures with isotropic
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and anisotropic magnetic properties were sought using UV, thermal and dual cure resin

formulations developed as a part of this research.

Chapters 2 and 3 of this document detail the development of magnetic
composites using stereolithography processes. Approaches towards the formulation of
novel ferromagnetic particle reinforced polymers, the evaluation of their curing
behaviour, investigations of dimensional stability and attempts printing composites

with high filler loadings were undertaken.

Chapters 3 and 4 focus on the development of anisotropic magnetic composites
using the material jetting approach. An experimental system realized through finite
element simulations to drive the material jetting equipment development is presented.
The behavior of magnetic particles in polymer and the influence of rheological
modifiers were studied. Experimental observations were correlated to the rheological
characteristics of the developed formulations. Magnetic characterization was
conducted to understand the anisotropic characteristics of the 3D printed magnetic

composite.

Chapters 5 and 6 describes the study of permanent magnets that were obtained
from material jetting additive manufacturing processes. Chapter 5 describes the
printing of a highly viscous magnetic particle reinforced epoxy resin using an in-house
developed material jetting printer. The ability of the equipment to deposit magnetic
pastes and the behaviour of the developed material formulation was assessed. Magnetic
characterization was conducted to evaluate the effect of hybrid material formulations

on the magnetic properties. The subject of Chapter 6 is the fabrication of milled fiber
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reinforcement and platetype magnetic particles based permanent magnetic composites.

A dual cure acrylate resin (UV / heat cure) was developed and permanent magnets were

fabricated using the developed formulation. Furthermore, the influence of an external

magnetic field on developing textured permanent magnets was studied.

1.11 Significance of the research work

This research project has been designed to address fundamental material and

manufacturing process related issues to construct the knowledge and understanding

related to manufacturing magnetic particle reinforced polymer composites using

additive manufacturing techniques.

1.

Stereolithography is a well established process for clear photopolymers and
ceramics. Printing composites with magnetic functionality is challenging and a
currently evolving process. To the author’s knowledge, there is no custom
available magnetic particle reinforced formulation for AM processes.
Furthermore, a 3D printer capable of printing standard clear and colour resins
is utilized to print magnetic composites. Overall, the research entailed
developing the material formulations, understanding the 3D printing equipment
and the capabilities to print magnetic polymer composites using
stereolithography.

Developing field structured magnetic composites using material jetting was
undertaken in the second phase of the project. Printing anisotropic magnetic
structures involved understanding the fundamental physics of magnetic
particles along with the material jetting process up to the development of novel

material jetting equipment with particle alignment capability. The foundations
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towards developing material jetting equipment with capability to alignment
magnetic particles was realized through finite element simulations. An initial
experimental setup was developed to evaluate the particle alignment behaviour
in polymers. The proposed formulations, alignment setups and process
scenarios were engineered to print composites with isotropic and anisotropic
magnetic particle distribution using the material jetting process.

3. Permanent magnets find applications in many electrical and electronic
applications. The third phase of the research work places emphasis on the
development of permanent magnets using material jetting processes. Hybrid
magnetic particle and additive modified material formulations developed as a
part of this research enabled printing permanent magnets and additionally
controlling material behaviour at various manufacturing process stages.
Rheological characterization was conducted to correlate the material behaviour
observed at different stages of the manufacturing process. Furthermore, a UV
curable prepolymer was modified for a combined UV and thermal cure to
manufacture permanent magnets. Overall, the developed material formulations
and utilized equipment enabled understanding process capabilities and other
uncertainties at a fundamental level required to construct robust manufacturing

equipment, materials and processes.

Overall, the research developed through this work shall be employed to develop robust
materials and manufacturing processes to construct magnetic composite structures

using AM processes.
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CHAPTER 2: ADDITIVE MANUFACTURING FERROMAGNETIC
POLYMERS USING STEREOLITHOGRAPHY — MATERIALS AND
PROCESS DEVELOPMENT

2. Overview of Chapter 2

Chapter 2 details a study on fabricating magnetic field responsive composites
using stereolithography based AM process. A commercial opensource 3D printer
(Autodesk Ember) with an inbuilt capability to print components with three different
photopolymer resins (standard clear, investment casting and CMYK resins) was

utilized. Technical contributions in this chapter include

Magnetic particle reinforced UV curable formulation development with ability

to resist gravitational settling

e Rheological characterization to determine suspension properties and
understand role of additives

e Dimensional characterization to estimate differences between designed and
manufactured composites

e FT-IR spectroscopy study to understand the influence of machine tunable

parameters

2.1 Introduction

Stereolithography is an AM technology where a pre-polymer is transformed to
a cured solid by light exposure [1]. Materials with the capability to react physically
and/or dimensionally in response to external stimulus like heat, light, electric and
magnetic fields, find extensive applications in sensors, actuators, and other electro-

mechanical applications [2, 3]. In this context, magnetic composites are of importance
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for many sensor types and non-contact actuation applications. Cantilever type
structures using ferromagnetic polymers have previously been printed using
stereolithography [4]. Leigh et al. fabricated flow sensing devices by introducing
magnetite particles in polymers using micro-stereolithography [5]. A variety of novel
methodologies towards manufacturing composites with anisotropic magnetic
properties have been reported in the technical literature [6]. Domingo-Roca and co-
workers fabricated magnetic soft magnetic composites with randomly oriented
magnetic domains via AM [7]. Norbert Lowa utilized a vat photopolymerization
technique to 3D print structures reinforced with magnetic nanoparticles and identified
the need to control process related issues like settling, homogeneity and processability
[8]. In order to develop successful manufacturing techniques, advancements in
materials research, process development and material characterization play a vital role
[9].

In the present research, we report a custom developed ferromagnetic polymer with
controllable particle settling and modifiable rheological properties. The behavior of the
ferromagnetic pre-polymer was studied using rheological measurements. Printed
composites were (i) characterized using scanning electron microscopy (SEM) to
observe particle distribution and dispersion, (i) tested for dimensional accuracy using
a coordinate measuring machine (CMM), and (iii) studied for absorbance
characteristics using Fourier transform infrared spectroscopy (FTIR). The present study
aims at contributing to the development of stereolithography processes for producing

three-dimensional polymer-based magnetic field responsive composites.
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2.2 Experimental procedures

2.2.1 Materials and suspension preparation

To formulate the magnetic suspension, strontium ferrite (SrFei2O19) micro
particles (MP) with an average particle diameter of 1.41um (DOWA Electronics
Materials Co. Ltd., Tokyo, Japan) were added in desired quantities to an ultraviolet
light (UV) curable pre-polymer (PR48 by Autodesk Inc., San Rafael, California, USA).
The suspension was mechanically agitated for 10 minutes using an impeller agitator,
followed by sonication using a 15-second pulsed on/off mode for 15 minutes using a
Q500 tip sonicator (Qsonica, Newtown, Connecticut, USA). Afterwards, the
rheological additive BYK-7410ET (BYK-Chemie GmbH, Wesel, Germany) was
added, and the suspension was mechanically blended for 15 minutes. The suspension
was degassed in a vacuum chamber to remove entrapped air and volatiles for 15 to
30 minutes. Suspensions prepared with 5 wt% of magnetic filler and 0.2, 0.4 and

0.6 wt% of rheological additive were used for the experiments.

2.2.2 Assessment of particle settling

Magnetic particles dispersed in the UV curable pre-polymer tend to settle due
to gravity. This sedimentation effect in turn affects the printability by hindering light
penetration required for the curing process. Prepared ferromagnetic suspensions were
filled in graduated tubes, and the settling of particles was captured using a digital
camera at different intervals of time. The minimum rheological additive quantity

effective in controlling particle settling was assessed using the obtained photographs.

2.2.3 Suspension rheological analysis

The rheological behavior of magnetically loaded pre-polymer suspensions was

assessed using a rotational rheometer (RheolabQC, Anton Paar GmbH, Graz, Austria).
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Viscosity curves derived from the measurements were used to interpret the behavior of
the magnetic suspensions. The shear thinning index (STI) was calculated as the ratio
between the viscosities at a low and high shear rates [10]. The Herschel-Bulkley
equation (Eq. 1) was used to fit the flow curves and derive yield strengths of the

magnetic suspensions.

T= 19+ Cy" 2.1

where 79 is the yield point, C is the flow coefficient, 7 is shear stress, and y and » are

the shear rate and Herschel-Bulkley index, respectively [11].

2.2.4 Additive manufacturing magnetic polymer composites and
characterization

Composites with magnetic fillers were manufactured using an Ember Digital
Light Processing (DLP) SLA 3D printer (Autodesk). The printer utilizes a 5 W power
LED and Digital Micromirror Device (DMD) with over one million 50 pm size mirrors
spaced at 7.6 pm. The printer is capable of producing parts with a resolution of 50 um
in the X and Y axis and between 10 — 100 um in the Z axis. Build volume of the Ember
1s 64 mm x 40 mm x 134 mm in the X, Y and Z axis respectively. The printer uses
digital images that have a resolution of 1280x800 pixels to define every layer of the
print. Basic components of the Autodesk Ember DLP 3D printer and component printed

for characterization is shown in Figure 2.1.
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Figure 2.1: Autodesk Ember DLP 3D printer and sample printed for
characterization.

Samples were prepared employing the suspension engineered with 5 wt%
magnetic filler and 0.4 wt% rheological additive loading. Variations in printed sample
thickness (Z-axis) as a function of layer thickness setting (10 and 50um) and part
position on the print head were evaluated. For this purpose, square plates (10 mm x
10 mm) with thicknesses of 0.25, 0.5, 0.75, 1.0 mm were printed with a constant
exposure time of 3 seconds. Samples were tested for dimensional accuracy in thickness
direction using a CMM (Crysta-Plus M443, Mitutoyo, Takatsu-ku, Kawasaki, Japan)
with a resolution of 0.0001 mm. SEM was carried out using an EVO M10 microscope
(Carl Zeiss AG, Oberkochen, Germany) operated at an accelaration voltage of 20 kV.
Specimens for SEM were coated with carbon prior to imaging. FTIR was conducted
with UV curable polymer pre-cure and post-cure. FTIR profiles were observed for peak
reduction and flattening that is a direct indication of monomer conversion. An Alpha

FTIR spectrometer (Bruker, Billerica, Massachusetts, USA) equipped with a single bounce
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attenuated total reflectance diamond crystal was employed to collect a spectrum at a

resolution of 4 cm™ over a range from 410 cm™! to 4000 cm™.

2.3 Results and discussion

In this section, results observed in this fundamental work that enabled
identification of the newly developed ferromagnetic polymer, machine and process
characteristics that contribute to the development of stereolithography process for

printing magnetic composites are presented.

2.3.1 Particle settling control

As illustrated in Figure 2.2, the sample with 0.2 wt% rheological additive
exhibited significant particle settling, leaving a clear supernatant on the top of the
settled magnetic particles (Though not shown in Figure 2.2, a similar behavior was

observed for 0.3 wt%).

Rheological additive content Rheological additive content

0.2wt% 0.4wt% 0.6wt% 0.2wt% 0.4wt% 0.6wt%

Immediately after suspension preparation 90 minutes after suspension preparation

Figure 2.2: Photographs illustrating magnetic filler settling in UV curable pre-
polymer.
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On the other hand, particle settling was mitigated in samples that contained 0.4 wt%
and 0.6 wt% rheological additives. From the settling analysis, 0.4 wt% rheological
additive loading was selected as it effectively controlled particle settling observed from
photographs taken at two different time intervals. Notably, this quantity is 0.1 wt%
lower compared to a previous study by the present authors where a proof of concept

for controlling particle settling was discussed [12].

2.3.2 Suspension rheological properties

Viscosity curves and calculated rheological properties of magnetic suspensions
are shown in the graph and insert in Figure 2.3, respectively. An STI greater than unity
and a Herschel-Bulkley index (HBI) less than unity signify shear thinning behavior of
the magnetic suspensions, i.e., a reduction in viscosity is observed with increasing shear
rates indicating Non-Newtonian behavior [13]. The viscosity at low shear rates and the
yield strength (YS) of the suspensions were observed to increase with increasing
rheological additive content. It is therefore inferred that a gelling effect caused by the
rheological additives raises shear viscosity and YS of the suspensions [14]. The
prepolymer exhibits shear thinning behaviour as the three-dimensional network

structure gets distorted with increasing shear rates and aligns with material flow.
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Figure 2.3: Viscosity versus shear rate for magnetic suspensions with calculated
rheological properties.

2.3.3 Characteristics of magnetic field responsive composites

SEM images of the composites shown in Figure 2.4 reveal that magnetic
particles are distributed in the composite but aggregated within the printed layers. The
formation of particle clusters through aggregation is believed to be the result of
magnetic interactions between the dispersed particles, which is a function of particle
size, particle magnetization, and permeability of the dispersed medium [15]. It was
expected that the rheological additives enable control of particle aggregation by
enhancing the medium’s shear viscosity and yield strength and imparting a gel structure
as observed in the technical literature for magneto-rheological fluids [16]. From the
present observations it is inferred that even though 0.4 wt% of rheological additive
mitigates particle settling, this additive quantity is still insufficient to control particle
aggregation. The features observed from the side view in SEM images of 3D printed

samples, like stacked layers, broken sections and uneven surfaces, are considered to be

44



the result of parameters that were adopted for the initial printing process. These

parameters require further investigation and refinement.

Sample side imaged using SEM

MPaggregatlon -

,.a-)"\ f? between Iayers ;

Aggregated
magnetic
particles

& AUBERTA

500X 2000kV 8.0 mm SE1 sample 237 6if |—| 400K X 2000kV_ 9.0mm SE1 sample 239 tif

Figure 2.4: SEM image showing layers of a stereolithography fabricated structure
with particle aggregations (left); magnification of aggregated magnetic particles in
composite (right).

Figure 2.5 shows thickness data obtained from samples using the CMM.
Samples were printed in regions as indicated by the insert in the graph on the right-

hand side of Figure 2.5.
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Figure 2.5: Sample dimensions as a function of target sample thickness for different

layer thickness (LT) settings (left); variation of fabricated sample thickness for
different print regions for the case of 0.75 mm target sample thickness (right).
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Composites fabricated using the developed magnetic pre-polymer exhibited
significant variations in thickness depending on the print region and layer thickness
settings. It was observed that a layer thickness setting of 10 um yielded sample
thickness values that were on average 44% greater that the target thickness, whereas
the average deviation for the 50 um layer thickness setting was only 6.6% for the
fabricated specimens. In terms of dimensional variations increasing or decreasing from
print region to print region, similar trends for both layer thickness settings were
observed for regions 2-3, 4-5, 5-6 and 6-7, whereas trends were different for regions 1-
2 and 3-4. Some dimensional variations were expected due to variations in light
intensity across the print bed as reported in the technical literature [17]. Other
parameters like a certain opaqueness of the resin tray window, cure depth as a function
exposure time, particle aggregation and other machine tunable parameters are expected

to have further influenced the dimensional characteristics.

FTIR spectra of the liquid pre-polymer and cured specimens printed using layer
thicknesses of 10 um and 50 pm are depicted in Figure 2.6. Signals corresponding to
C=C bonds in the acrylate regions (1600 cm™ to 1660 cm™, 1400 cm™ to 1430 cm™ and
800 cm™' to 830 cm™) decreased in cured samples as observed in the technical literature
[18], indicating monomer conversion dependent on layer thickness settings.
Furthermore, results observed in this research have enabled identification of liquid
prepolymer, printed sample and process characteristics that serve as individual entities
and fundamental building blocks to construct stereolithography process for

manufacturing magnetic composites.
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Figure 2.6: FTIR spectra of liquid polymer (LP) and specimens printed using layer
thickness settings of 10 um (LT-10) and 50 um (LT-50). (Inside the graph) A, B —

Spectral regions 1400-1430 and 800-830 showing peak flattening indicating
monomer conversion.

2.4 Conclusions

In the present study, a novel material formulation for stereolithography AM
with controlled particle settling and modifiable rheological properties has been
demonstrated. The effective rheological additive quantity to mitigate settling was
determined as 0.4 wt%. Rheological behaviour analysis provided insight into
suspensions where at low shear rates, viscosity and yield point of the magnetic
suspension increased significantly with increasing rheological additive content. SEM
images revealed particle aggregation between stacked layers which is attributed to the
magnetic attraction between particles. For the employed AM equipment, the layer
thickness setting and print region were observed to significantly influence deviations
form target thicknesses of the printed components. From FTIR spectroscopy, flattening
of peaks, which directly correspond to the degree of monomer conversion, was

observed in comparison to the liquid pre-polymer suspension. The results obtained
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from this study underline the importance of considering the suspension composition in

conjunction with manufacturing parameters for the design of composite components

fabricated by sstereolithography AM. Future work will focus on utilizing the developed

ferromagnetic polymer and optimizing manufacturing parameters for stereolithography

processes to allow for the printing of composites with higher filler loadings, high

dimensional accuracy and uniform particle dispersion and distribution.
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CHAPTER 3: MAGNETICALLY LOADED POLYMER COMPOSITES
USING STEREOLITHOGRAPHY — MATERIAL PROCESSING AND
CHARACTERIZATION

3. Overview of Chapter 3

In Chapter 3, an intensive experimental approach is described to understand the
printing capabilities of the employed 3D printer, curing behavior of the developed
material formulations and push the limits of the 3D printer to print magnetic composites

with increased filler loading. Technical contributions in this chapter include:

e Dimensional variation assessment in thickness as a function of process and
material parameters
e Development and utilization of an experiment methodology to identify the role
of formulation materials on curing behavior of ferromagnetic polymers
e Printing composites using formulations engineered with increased magnetic
filler loading
e Characterization of tensile properties and least printable dimensions using the
developed formulation and the adopted process parameters
e The last section contains additional and supportive results obtained as a part of
this research.
o Dimensional variations in length and width of magnetic composite
o Analysis of variations in CMM measurements for determining curing
characteristics
o Influence of process and material parameters on cured thickness

o Results in last section will be published in conference proceedings
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3.1 Introduction

AM enables producing complex 3D parts using a layer-based fabrication
approach [1]. AM technology with the ability to provide design flexibility and material
savings has created a significant impact in many industries such as the aerospace,
automotive, medical and energy sectors. One such AM technology is stereolithography
(SLA), where a photosensitive polymer is transformed into a cured solid using light
exposure [2] (typically ultraviolet (UV) light). Among many AM techniques available
for polymers, SLA enables printing complex structures with the best accuracy [3].
Materials with the ability to respond to external stimuli such as light, heat, electric and
magnetic fields, find applications in sensors, actuators, and many other applications
[4]. Developing stimuli-responsive structures is known as ‘4D printing’, where
functional properties may be achieved by introducing fillers to the base polymer. As
such, filler modified photopolymers enable developing smart materials and structures
that transform their shape and dimensions in a predetermined way [5]. In this context,
high-performance magnetic composites play an important role in a variety of sensor
and actuator applications. Magnetic forces are desirable for non-contact actuation
mechanisms in many electromechanical systems. Driven by external energy sources
without the need for physical contact, such magnetic systems can be controlled
remotely in closed spaces and also in liquid media [6]. Significant contributions have
been made by researchers toward developing materials and printing processes for
fabricating magnetic particle reinforced polymers. Cantilever type microstructures
were printed employing SLA for polymer-based micro-electromechanical system
devices utilizing a magnetic iron oxide based photosensitive resin formulation [7].

Flow sensing devices were fabricated by Leigh et al. adopting a micro-
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stereolithography technique utilizing a magnetite nanoparticle reinforced polymer
formulation [8]. Lowa et al. printed magnetic composites using a commercial SLA
printer and identified that sonication enabled controlling magnetic nanoparticle settling
and dispersion homogeneity. Additionally, a geometry demonstrator was utilized to
analyze the printable features considering printing orientations of magnetic structures
[9]. Domingo-Roca et al. utilized a SLA and screen printing approach to fabricate
polymer-based permanent magnets and identified a methodology to manipulate the
orientation of magnetic domains using a poling process using permanent magnets [10].
Magnetic field responsive polymer composites with tunable mechanical and magnetic
properties were made adopting a formulation containing 6 wt% iron oxide particles
[11]. AM processes have additionally enabled the fabrication composites with user-
defined microstructural orientations in polymers. Martin et al. demonstrated the ability
of printing composites using SLA with controlled filler orientation applying external
magnetic fields [12]. Nagarajan et al. developed strategies to accomplish particle
alignment in photosensitive polymers and studied the influence of magnetic field
strength and magnetization time for a material jetting based AM process [13]. Some
fundamental issues reported by researchers working with magnetic particle reinforced
polymers are particle settling, dispersion stability, homogeneity and aggregation
control. The current researchers addressed the issue of particle settling by modifying
the photosensitive resin using additives [ 14]. The integration of additives enabled long-
term material stability suitable for SLA processes. Additionally, magnetic field

responsive polymer composites were fabricated using a commercial 3D printer [15].
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Additive manufacturing of filler modified polymers requires substantial
knowledge of the formulated material, i.e., its viscosity, photocuring properties, and
capabilities of the 3D printer. Understanding the mechanism of radiation curing using
ultraviolet photons (UV) is imperative in order to engineer formulations for
photopolymerization. Acrylate based resin materials are predominantly used in
stereolithography based AM process. Such materials undergo polymerization initiated
by free radicals that are released upon UV excitation. The mechanism for the
photopolymerization reaction involves three major steps, i.e., initiation, propagation

and termination. The reaction mechanism is graphically indicated in Figure 3.1

1. Initiation
| UV Energy . Dl
le + M > |-Me
2. Propagation
[-Me + M > |-M-Me
[-M-Me + M > I-M-M-Me
3. Termination
I-M-M-Me + |e > |-M-M-M-|
| — Initiator; |e - Free radical; M — Monomer; M-M — Polymer chain

Figure 3.1: Photopolymerization reaction mechanism

Absorption of the UV energy by the photo initiator present in the resin formulation
generates free radicals that further react with the monomers resulting in a chain
reaction. Two radicals combine at the end to stop this chain reaction. Evaluating the

optical properties of photopolymer resin formulations is essential to ensure their
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printability. In 3D printing processes employing photopolymerization, penetration of

light follows the Beer-Lambert law as expressed in Eq.3.1.

Z

PZ=P0€_D_p (31)

where P, is the power of the light emitting diode, Po is the powder at the surface, D is
the depth at which the intensity falls to 1/e to the surface light intensity. The working
curve model developed for a stereolithography process derived from the Beer-Lambert
law of absorption reveals two important characteristic parameters for the printed
material, i.e., depth of penetration (Dp) and critical energy (E.) [16]. The working curve
model has been used extensively for studying the curing behavior of polymers, which

is usually called Jacob’s working curve equation, defined by Eq.3.2.

Eo
Cq=Dp*lIn (—) (3.2)
E.

where Cjq is the cured depth of resin, Dj is the penetration depth of UV light until 1/e
(approximately 37%) of attenuation of light intensity is reached compared to its original
intensity at the surface of the resin [17]. E. is the critical energy, which represents the
minimum energy required to initiate the photopolymerization reaction, and Ey is the
average energy of UV light supplied by the UV projector at the surface of the resin.
The current working curve model has gained broad acceptance in its description for
resin curing behavior and fitting to experimental data for specific resin compositions
and experiment conditions [18]. Another model extensively adopted to characterize
resins with ceramic fillers while considering the scattering effect of filler particles is

defined by Eqs.3.3 and 3.4.
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In Egs.3.3 and 3.4, d is the mean particle size, ¢ is the volume fraction of filler,
A is the UV wavelength, An is the difference between the refractive index of filler
particles and polymer and no, the refractive index of the polymer [19]. The working
curve is a semi-log plot of cured depth versus incident energy represented by a straight
line, where D, (slope of the line) and E. (abscissa intercept) are purely parameters of
the resin. Hence, by utilizing the D, and E. of ferromagnetic polymers with different
combinations of filler loading, filler type, additive loading, and additive type, an insight
into exposure parameters and how the materials contribute to the curing process can be
obtained. Accurate measurement of cured depth is necessary to determine the D, and
E. and further manipulate exposure parameters for a reliable 3D printing process.
Measurement of cured depth is subject to higher variability as there is no defined
methodology for making such measurement. Measuring cured depth utilizing
micrometers, calipers, stylus profilometer, and laser confocal microscopy has been
reported in the technical literature [17], [20]. Even though experimental methods are
available to determine the material parameters mentioned in equations 3 and 4, the need
for specialized equipment is always challenging. Moreover, modification of filler
modified polymer systems using additives to address a multitude of material and

process issues adds additional complexity to determining material properties.
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In the present research, the authors utilize an in-house developed ferromagnetic
polymer to 3D print magnetic composites, determine its geometric characteristics, and
evaluate its curing behavior. A design of experiment (DOE) framework was utilized to
explore material and process parameters that influence the printed magnetic composite
thickness and its variation across the build head. To accomplish printing composites
with higher magnetic filler loading, the curing behavior of polymers was first studied,
and parameters like cured depth and critical energy were determined. An in-house
developed experimental framework was utilized to determine curing behavior and
significant material parameters. Based on this fundamental understanding, composites
were printed with polymers engineered with 10 wt % and 25 wt% of magnetic filler
loading. The present study aims to further the understanding of how materials utilized
to formulate ferromagnetic resins, 3D printing equipment, and 3D printing process
parameters influence the properties of the base polymer and 3D printed magnetic

composites.

3.2 Materials and methods

3.2.1 Equipment and materials

In this study, magnetically loaded polymer resin was developed to be printed
using an Ember Digital Light Processing (DLP) SLA 3D printer (Autodesk Inc., San
Rafael, California, USA). The printing resolution, as indicated by the manufacturer, is
50 um in the horizontal X and Y axes and between 10 and 100 pm in the vertical Z
axis. The build volume of the printer is 64 mm by 40 mm by 134 mm in the X, Y and
Z-axis, respectively. Every print layer is defined by digital images with a resolution of

1280 by 800 pixels.
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Magnetic materials utilized in this research include strontium ferrite (SrFe 12019,
abbreviated herein as SrFeO) powder having an average particle diameter of 1.41 um
(DOWA Electronics Materials Co. Ltd., Tokyo, Japan) and neodymium iron boron
(Nd2Fe14B, abbreviated herein as NdFeB) powder having an average particle diameter
of 5 um (MQFP powder, Magnequench Inc., Pendleton, Indiana, USA). Ferromagnetic
polymers were formulated by dispersing the magnetic powders in PR-48 (UV curable
urethane acrylate) resin obtained from Colorado Photopolymer Solutions (Boulder,
Colorado, USA). Two different types of additives, Disparlon 6900-20X (indicated
herein as Disparlon) (King Industries, Norwalk, Connecticut, USA) and BYK-7410ET
(indicated herein as BYK) (BYK-Chemie GmbH, Wesel, Germany) were used to
stabilize the dispersion. The efficiency of the additives in mitigating particle settling
has previously been tested with the polymer system in previous work by the present
authors [14]. Mechanical mixing using an impeller agitator (Calframo Ltd., Georgian
Bluffs, Ontario, Canada) and sonication using a Q500 tip sonicator (Qsonica,
Newtown, Connecticut, USA) were the two dispersion methodologies and
corresponding equipment used to disperse the additives and magnetic particles in the

UV curable polymer.

3.3 Experiment methodology

3.3.1 Analysis of dimensional variation in magnetic composite thickness

The first objective of this research is to characterize the dimensional precision
in terms of thickness of 3D printed magnetic composites across the build head.
Parameters like magnetic filler loading, rheological additive type, and additive loading
were considered as the adopted material parameters that influence the rheological
properties of the final magnetic suspension [15], [21]. Magnetic filler loading was
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restricted within 5 wt% for this initial study. From the technical literature, it was
observed that an increase in magnetic filler loading also increases the viscosity of the
resultant suspension [22]. The working mechanism of the DLP printer involves tray
rotation at a specific speed, which shears the resin in between the resin tray surface and
the surface of the aluminum build head. Machine tunable parameters like layer
thickness, exposure time per projection, wait before exposure and separation slide
velocity (SSV) were considered in the DOE study as the parameters representing height
variation of the build head from the resin tray surface, time of UV light projection, time
for recoating a new resin layer and the rotation velocity of the resin tray enabling a new
resin layer to move within the UV exposure zone, respectively. The adopted process
parameters were observed to influence both mechanical and geometric properties of 3D
printed polymeric solids as reported in the technical literature [23], [24]. Khaled et al.
adopted a DOE framework to identify the machine tunable process parameters that
influence the horizontal resolution of the 3D printed polymer parts [24]. The DLP
printer and the developed material formulation introduces several uncontrollable
variabilities during the experiments. Examples of uncontrollable factors include
clouding of the resin tray’s polydimethylsiloxane windows, aggregation of magnetic
particles with respect to time and destruction, and regeneration of hydrogen bonds due
to the rheological additives. The DLP printer tray rotation is expected to constantly
change the magnetic particle dispersion and distribution in the magnetic suspension. A
seven factor, two level, L8 Taguchi DOE was developed using the Minitab software
(Minitab Inc., State College, Pennsylvania, USA) to identify and evaluate the

influential material and process parameters, as indicated in Table 3.1.
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Table 3.1: DOE developed using the Taguchi method for dimensional variation
analysis in printed magnetic composite thickness.

ET/P MFL LT AT WBE AL SSv
Exp. No (s) (wt%) (nm) (s) (wt%) (rpm)
1 3 1 10 Disparlon 1.5 0.5 4
2 3 1 10 BYK 3 1 10
3 3 5 50 Disparlon 1.5 1 10
4 3 5 50 BYK 3 0.5 4
5 6 1 50 Disparlon 3 0.5 10
6 6 1 50 BYK 1.5 1 4
7 6 5 10 Disparlon 3 1 4
8 6 5 10 BYK 1.5 0.5 10
ET/P Exposure time per projection (s)
MFL Magnetic filler loading (wt%)
LT Layer thickness (um)
AT Additive type
WBE Wait before exposure (s)
AL Additive loading (wWt%)
SSV Separation slide velocity (rpm)

To characterize the magnetic composite thickness, a simple cuboid with dimensions of
15 mm by 10 mm by 1 mm in terms of length, width and thickness was designed and
printed using the developed formulations containing SrFeO magnetic fillers. Six
samples were printed at six zones on the build head, as indicated in Figure 3.1. The
thickness of the sample was measured using a Coordinate Measuring Machine (CMM)
(Crysta-Plus M443, Mitutoyo, Takatsu, Kawasaki, Japan) with a resolution of 0.1 pm

to evaluate deviations from target dimension.
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Figure 3.2: Arrangement of samples for dimensional accuracy experiments. Numbers
on samples represent printing zones I to 6 on the build head.

3.3.2 Investigation of ferromagnetic polymer curing behavior

The second objective of this research is to quantitatively determine the curing
behavior of ferromagnetic polymers for AM processes. An experimental approach
using the DLP printer was developed to determine significant material parameters, like
D, and E.. To evaluate the influence of exposure energy on the cured layer thickness
of the material, a diagnostic print file that consists of rasterized images and print
settings was developed. The print file contained an image of ten rectangles, each with
an area of 2.4 cm?. The print settings were tuned so that each rectangle receives a
predetermined number of UV projections influencing the exposure energy for each
rectangle in the grid. Exposure time per projection is the only parameter modified
through the printer settings to obtain different levels of exposure energy. Irradiance,
which is also called as intensity, is the radiant power per unit area received by the resin.
The average light power intensity, as indicated by the manufacturer of the printer is
18.5 mW/cm?. The energy density, which influences the depth of cure is related to the
intensity of the UV light and exposure time. In this study, the exposure energy or dose

is the product of irradiance, exposure time per projection, and number of projections.
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Figure 3.3: (a). Ten rectangle image stack design where numbers indicate the
instances of UV light being projected on each rectangle, i.e., from left to right and top
to bottom, 2, 20, 6, 14, 8, 16, 12, 4, 18, 10, (b) Photo of printed file on an acrylic
sheet for thickness characterization.

To investigate the curing behavior of the developed ferromagnetic polymers, a
five-factor, two-level factorial design was used to understand the influence of
parameters like magnetic filler loading, filler type, rheological additive type, additive
loading and exposure time per projection. Eight different ferromagnetic polymers were
prepared based on the fractional factorial design developed using the Minitab software.

Experiments were conducted in triplicate.

Prior to the experiment, the build head and resin tray of the DLP printer were
removed. A measured quantity of the ferromagnetic polymer was dispensed on an
acrylic substrate, and the resin was contained within a 3D printed acrylate template to
maintain the desired sample geometry. After exposure to UV light inside the DLP
printer using the designed print files, the acrylic template was removed and any uncured
resin was drained. The cured layers adhering to the acrylic substrate were further rinsed
with isopropyl alcohol to remove uncured resin. Measurements were conducted after

keeping the sample overnight for drying. The thickness of the cured ferromagnetic
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polymer layers was measured relative to the acrylic substrate surface using the CMM.
Figure 3.4 shows the measurement setup for data acquisition. Each measurement with
the CMM represented a single point, and hence, ten points at different locations over
the cured layers were measured and then averaged.

Table 3.2: DOE for investigating the curing behavior of ferromagnetic polymers

S.No MFL MFT AL AT ET/P
(Wt%) (Wt%) (s)
1 10 NdFeB 0.5 BYK 12
2 30 SrFeO 0.5 BYK 3
3 10 SrFeO 1 Disparlon 3
4 30 SrFeO 1 BYK 12
5 10 SrFeO 0.5 Disparlon 12
6 30 NdFeB 1 Disparlon 12
7 10 NdFeB 1 BYK 3
8 30 NdFeB 0.5 Disparlon 3
MFL Magnetic filler loading (wt%)
MFT Magnetic filler type
AL Additive loading (wt%)
AT Additive type
ET/P Exposure time per projection (s)
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Figure 3.4: Thickness measurement setup for acquiring data for the working curve
model: (a) Fixing a sample by securing four corners of the acrylic substrate with
plasticine on the CMM granite table; (b) Measuring the thickness of a rectangle of a
sample using the CMM probe.

3.3.3 Fabrication of polymer composites with increased filler loading and
composite characterization

This research sought to print polymer composites using formulations
engineered with 10 wt% and 25 wt% filler loading, utilizing the understanding
obtained from ferromagnetic polymer curing behavior. Composites were printed using
the same CAD geometry adopted to characterize thickness variations across the build
head. The resulting dimensions of composites were measured using a digital Vernier
caliper having a resolution of 0.01 mm. Tensile properties of 3D printed ferromagnetic
composites were evaluated based on ISO 527 [25], using a ‘1BB’ specimen geometry
and an Instron 3360 series universal testing machine (Norwood, Massachusetts, USA).
A crosshead speed of 0.5 mm/min was applied. From the test data, load versus
displacement curve were obtained and tensile strengths were determined. Additionally,
magnetic particle loaded cantilevers were printed using a resin with 10 wt% NdFeB,

and print dimensions were characterized using optical microscopy.
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3.4 Results and Discussion

3.4.1 Analysis of dimensional variation in composite sample thickness

The thickness variation of composite samples printed using the same target
geometry across different regions on the build head was evaluated as a function of
material and process parameters as per the DOE established in Table 3.1. Based on the
measured thicknesses of all composite samples, the main influencing parameters and
their trend of influence were determined. A Taguchi DOE analysis was conducted using
the Minitab software to compute the average values for each level and parameter. Using
the difference between the averaged composite thickness between the two levels, i.e.,
the ‘Delta’ value in Table 3.3, a ranking of the parameters was established to
understand the order of significance of the adopted parameters. Results of the Taguchi
analysis that enabled the computation of averaged mean effects are shown in Table 3.3.
Based on the rankings in Table 3.3 the top three factors having substantial influence on
the sample thickness are layer thickness, magnetic filler loading, and exposure time per
projection. The most significant change in sample thickness was observed for a layer
thickness setting varying from 1.2179 mm for 10 um layers to 0.8724 mm for 50 pm
layers. Exposure time per projection, which controls the incident energy for
photopolymerization, introduced significant differences in final sample thickness as
reflected by the order of ranking. The inverse behavior observed for exposure time and
layer thickness indicates the need for optimizing the parameters to print dimensionally
stable composites. To further illustrate the impact of the studied process parameters,
the main effects plot shown in Figure 3.5 was prepared. The graph illustrates the strong
effect of the layer thickness parameter on sample thickness. Increasing magnetic filler

loading also raised sample thickness. On the other hand, an increased additive loading
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resulted in reduced sample thickness as it was known that the additives enhance the
viscosity of the magnetic suspension. The obtained results are congruent with
observations in the technical literature, i.e., a high viscosity resin enables printing
composites with high resolution [26]. The influence of additive type, wait before
exposure, and separation slide velocity on sample thickness were observed to be minor
compared to the other parameters studied.

Table 3.3: DOE response table for means of sample thickness for printed magnetic

composites.
ET/P MFL LT WBE AL
Level AT SSv
(s) (Wt%) (um) O (Wt%)

1 0.9755 0.9587 1.2179 1.0368 1.0769 1.0749 1.0541

2 1.1148 1.1316 0.8724 1.0535 1.0134 1.0154 1.0362

Delta 0.1394 0.1729 0.3455 0.0167 0.0635 0.0595 0.0178

Rank 3 2 1 7 4 5 6
ET/P Exposure time per projection (s)
MFL Magnetic filler loading (wt%)
LT Layer thickness (pm)
AT Additive type
WBE Wait before exposure (s)
AL

Additive loading (wWt%)

SSV Separation slide velocity (rpm)
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Figure 3.5: Main effects plot representing mean of measured thickness.
Replicate thickness measurements conducted on the samples enabled

determining signal-to-noise (S/N) ratios through the Taguchi DOE. A wide spectrum

of thickness data was obtained from all the experiments ranging from 0.69 mm to

1.49 mm, and hence a “nominal is the best” quality characteristic was adopted. The S/N

ratio, a measure to identify the effect of every controllable parameter considering the

mean thickness and standard deviations on the response variable, is calculated based

on Eq.3.5 [27].

y2
S/N=10*log (—2>
S
where Y is the mean of responses for the given factor level combination, and S is the

standard deviation of the responses. S/N ratios calculated using Eq.5 are expressed in

Table 3.4.

67

(3.5)



Table 3.4: Response table for signal-to-noise ratios for sample thickness of printed

magnetic composites (‘Nominal is the best’ quality characteristic).

ET/P MFL LT WBE AL
AT SSV
Level ()  (Wt%)  (um) (s) (Wt%)
1 21.16  18.94 2344 21.13 2272 22.33 22.06
2 2257 2478 2028 2260  21.01 21.40 21.66
Delta 141 5.84 3.16 147 1.71 0.93 0.40
Rank 5 1 2 4 3 6 7

It was observed that the parameter ranking based on S/N ratio is different
compared to the ranking based on the means of composite sample thickness. From
Table 3.4, it is understood that the parameters that cause significant variabilities are
magnetic filler loading, layer thickness, and wait before exposure. An interaction
matrix based on the average of all responses for mean thickness is attached as part of
supplementary figures to aid in understanding the interactions between various adopted

parameters in the study.

The average thicknesses of magnetic composite samples obtained from CMM
measurements were observed to exhibit a unique variation pattern across the build head
as seen in Figure 3.6. Legends in Figure 3.6 refer to the experiment numbers listed in
Table 3.1, while the zone number shown on the ordinate represents magnetic composite
samples printed in printing zones designated in Figure 3.2. The graphs in Figure 3.6
indicate that irrespective of the adopted material and process parameters, samples
printed in zone 3 had the greatest thickness and samples printed in zone 4 exhibited the

lowest thickness.
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Figure 3.6: Thickness variation of 3D printed magnetic composite samples across six
printing zones (as designated in Figure 3.1) on the build head; Legend indicates
experiment numbers 1 to 8 as indicated in Table 3.1, (Left) Experiment I to 4, (Right)

further expressed in the form of box plots to elucidate the thickness variability of
composite samples. The mean value of thickness for samples printed in experiment 2

was observed to be close to the target thickness of 1 mm. Experiments 3, 4 & 8 were

Experiment 5 to 8.

Obtained thickness measurements for every experiment listed in Table 3.1 was

observed to exhibit least variation in composite sample thickness.
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Figure 3.7: Boxplot for thickness of samples produced from each experiment listed on
DOE with a targeted sample thickness of Imm, shown as the reference line on the

graph.

3.4.2 Analysis of ferromagnetic polymer composites curing behavior

In this analysis, the influence of parameters like magnetic filler loading, filler
type, additive loading, additive type, and exposure time per projection on ferromagnetic
polymer composites curing behavior was investigated. Curing behavior was studied
with the objective of engineering the process for printing ferromagnetic polymer resins
with increased filler loading. Cured depth was measured using the CMM to construct
the working curves for all formulations listed in Table 3.2. From the working curves,
characteristic curing parameters like light penetration depth and critical energy were
derived. The working curves depicted in a semi log graph of the measured cured depth

and energy dose are shown in Figure 3.8.
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Figure 3.8: Working curves for cured depth versus curing light energy dose. Left:
Samples with strontium ferrite filler; Right: Samples with NdFeB filler. For
experiment numbers (“Exp”) refer to Table 3.2.

From the linear fits expressed in Figure 3.8 the resin characteristic parameters
‘depth of penetration’ (Dp) and ‘critical energy for polymerization’ (E.) were derived.
Equations in Figure 3.8 represent the linear fits for curves plotted in linear scale (not
semi log) where “y” represents the cured thickness measured using the CMM and “x”
represents the energy incident on the resin during the light exposure process. D, is
obtained from the slope of the linear fits, and E. is obtained using the abscissa intercept
of the working curves. The DOE framework developed and listed in Table 3.2 was

evaluated for the obtained depth of penetration (Dp). The main effects plot that

represents the averaged effects is expressed in Figure 3.9.
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Figure 3.9: Main effects plots representing mean of depth of penetration (D).

From Figure 3.9, the depth of penetration was observed to decrease strongly
with increasing magnetic filler loading. This behavior corresponds with Eq.3.3, i.e., the
cured depth is inversely proportional to filler loading. Depth of penetration for
composites containing strontium ferrite filler was observed to be lower compared to
NdFeB, which is attributed to particle size, that is, the higher surface area to volume
ratio of strontium ferrite as compared to NdFeB. It was further observed that an increase
in rheological additive loading led to a decrease in the depth of penetration as the
suspension experiences increase in its low shear viscosity [15]. The effectiveness of the
additive materials in the polymer systems additionally depends on its type. It was
observed that the formulation engineered with BYK 7410 additive decreased the depth

of penetration compared to Disparlon 6900-20X. An increase in depth of penetration
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was additionally observed with an increase in exposure time per projection as this
influences the incident energy on the photosensitive ferromagnetic polymer

composites.

An Analysis of Variance (ANOVA) was conducted to further understand the
significance of experimental parameters on the response variable ‘depth of
penetration’. Table 3.5 summarizes the ANOV A results, where the headings ‘DF’, ‘Adj
SS’, ‘Adj MS’, ‘F-value’ and ‘P-value’ refer respectively to the degree of freedom,
adjusted sums of squares, adjusted mean squares, significance indicator, and
probability measuring evidence against the null hypothesis.

Table 3.5: ANOVA results for depth of penetration (D).

Source DF Adj SS Adj MS F-Value P-Value
Model 7 0.003420 0.000489 26.66 0.000
Blocks 2 0.000077 0.000039 2.11 0.153
Linear 5 0.003343 0.000669 36.48 0.000
MFL 1 0.003073 0.003073 167.69 0.000
MFT 1 0.000030 0.000030 1.62 0.221
AL 1 0.000116 0.000116 6.34 0.023
AT 1 0.000066 0.000066 3.58 0.077
ET/P 1 0.000058 0.000058 3.17 0.094
Error 16 0.000293 0.000018
Total 23 0.003713

From the ANOVA results in Table 3.5, it can be concluded that magnetic filler
loading and additive loading are the factors primarily affecting the depth of penetration
with a confidence level greater than 95% (P-value < 0.05). Depth of penetration is

expressed as a linear statistical model to derive the main effects of the adopted
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parameters. A zero P-value for the model signifies that the linear statistical model
explains variations in the response and provides a strong evidence against the null
hypothesis. The experiment was designed with blocks to account for uncontrollable
variables and the differences that might occur during the measurement process. From
the ANOVA, it was observed that the blocks that randomized experiments were

insignificant.

A Pareto bar chart and normal probability plot for the effects were created to
understand the significance of experimental parameters and the direction of the effects
on the depth of penetration. The Pareto chart indicating the magnitude of the effects is
shown in Figure 3.10. In the chart the bars representing the adopted process parameters

that cross the red reference line are considered to be statistically significant.

Term 212
A
C
Name
A Magnetic filler loading
D B Magnetic filler type
C Additive loading
D Additive type
E E Exposure time / projection
(Response is Dp, « = 0.05)
B
0 2 4 6 8 10 12 14

Standardized Effect

Figure 3.10: Pareto chart of factors affecting the response variable ‘depth of
penetration’.
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The normal probability plot depicted in Figure 3.11 enables understanding the
magnitude and the direction of the effects in a single graph. The plot includes a
distribution fit line where all effects are zero. Factors to the left of the line reduce the
response variable when changing a parameter from a low to a high level whereas factors
to the right increase the response. Figure 3.10 confirms filler loading and additive

loading to be the most significant factors.
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Figure 3.11: Normal probability plot of factors affecting the response variable ‘depth
of penetration’.

3.4.3 Printability tests, capabilities, and characteristics of 3D printed magnetic
composites

Utilizing the understanding obtained from the ferromagnetic polymer
composite curing behavior analysis, printability experiments of magnetic composites
containing 10 wt% and 25 wt% of SrFeO and NdFeB magnetic fillers were conducted.
The formulation was engineered with 0.5 wt% of BYK 7410 additive to achieve
stability against particle settling during the fabrication process. Even though the curing
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behavior analysis enabled establishing the critical UV irradiation energy for
polymerization, the exposure parameters had to be tuned further, considering adhesion
to the aluminum build head and to subsequent cured composite layers. Printing
magnetic polymer composites was attempted using a layer thickness setting of 10 um,
exposure times as indicated in Table 3.6, and maintaining all other machine tunable
parameters at their respective default settings used for a Autodesk CMYK (PR-57)
resin printable using the DLP printer. The standard machine settings in terms of
exposure time for the PR-57 resin with a layer thickness setting of 10 um are 8 seconds
(148 mJ/cm?) for the first layer, 4 seconds (74 mJ/cm?) for the next four print layers,
and 1.2 seconds (22.2 mJ/cm?) for all remaining print layers. Table 3.6 indicates the
exposure time utilized for printing magnetic composites and corresponding energy
density (values in brackets) calculated using the intensity of UV light and exposure
time [20]. Simple magnetic composites cuboids with dimensions of 15 mm by 10 mm
by 1 mm were fabricated

Table 3.6: Exposure parameters used to 3D print magnetic composites.

Specimen Magnetic Exposure time  Exposure time Average
No. filler type for first four  from fifth layer composite
print layers thickness
(mm)
1 10wt% NdFeB 11s 3.5s 0.97
(203.5 mJ/em?)  (64.75 mJ/cm?)
2 10wt% SrFeO 13s 5s 1.06
(240.5 mJ/em?)  (92.5 mJ/cm?)
3 25wt% NdFeB 16s 8s -
(296 mJ/cm?) (148 mJ/cm?)
4 25wt% SrFeO 20s 10.5s -

(370 mJ/cm?)  (194.25 mJ/cm?)
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Composites containing 10 wt% of NdFeB and SrFeO fillers were successfully
printed. With 25 wt% magnetic fillers, it was observed that the cured layers did not
adhere to the build head and cured resin fragments were observed to be floating within
the resin tray. To further check the capability of printing composites with 25 wt%
magnetic fillers, machine settings like the separation/approach slide rotation velocity
were reduced from 12 to 4 rpm, and the Z axis separation velocity was reduced from
1.5 mm/s to 1.2 mm/s. Changing these settings enabled printing the composites but
defects could still be observed as seen in Figure 3.12. Some considerable processing
challenges include reliable adhesion of the first cured layer to the aluminum build head
and the subsequent cured magnetic composite layers. Poor adhesion sometimes
resulted in cured fragments just floating in the resin tray. Such fragments posed
additional challenge during the manufacturing process. At every instance of a print

failure, the resin was filtered using a paint strainer to remove cured fragments.

Incomplete cured geometry and layer tearing Cured layer separation in printed composite

Figure 3.12: Observed defects in SrFeO composite (left) and NdFeB composite
(right) printed using resins containing 25 wt% magnetic fillers.

From Figure 3.12, it was understood that even though composites were
printable using a resin engineered with 25 wt% magnetic particles, further analyses on

machine parameters are required to achieve printing components without defects.
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Further characterization and analyses were conducted with 10 wt% of NdFeB and
SrFeO filler resin. Figure 3.13 shows the image of 3D printed magnetic composites

attracted to the surface of a permanent magnet (N52 grade).

3D printed NdFeB composite

3D printed SrFeO composite

Figure 3.13: 3D printed magnetic composites attracted to the surface of N52 grade
permanent magnets.

To assess the mechanical properties, dog bone type specimens were printed using the
parameters indicated in Table 3.6. A total of four samples were printed and tested for
each filler type. The tensile characteristics are depicted in Figure 3.14, which shows
that the composite containing NdFeB fillers exhibits higher tensile properties than the
composite containing the SrFeO magnetic filler. The average ultimate tensile strength
of NdFeB and SrFeO magnetic composites were 28.1 MPa and 22.0 MPa, respectively.
It should be noted that in spite of adopting a higher exposure time for the resin
containing SrFeO fillers, its properties were lower compared to the NdFeB composite.
The Young’s modulus determined for the NdFeB and SrFeO composites using the
chord slope method as indicated in ISO 527 are 656.5 MPa and 536.7 MPa,

respectively.
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Figure 3.14: (Left) Load (vs) Displacement curves of magnetic composites (Right)
Tensile strength of magnetic composites.

Apart from the process parameters, properties of polymer composites also
depend on the filler dispersion and distribution within the manufactured composite.
Using the 10 wt% NdFeB resin, cantilever type structures were 3D printed with the
parameters listed in Table 3.6. All cantilever structures were printed in the same batch
and further characterized for their width using an optical microscope. Figure 3.15
shows the target width of prepared cantilevers (value in white box) and the
corresponding measured dimension. It was observed that the minimum printed
dimension was 0.13 mm using the DLP printer with the in-house engineered magnetic

filler modified resin formulation.
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Figure 3.15: Dimensional characterization of cantilever type structures using optical
microscopy (Number within white rectangle represents target dimensions).

3.5 Additional and supportive results

3.5.1 Parameters interaction matrix for mean composite thickness

In Section 3.5.1, the influence of material and process parameters on composite
thickness was analyzed. Utilizing the average of all responses, an interaction matrix

was derived to understand the interactions between different parameters adopted in the
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study. Interaction plot was derived using Minitab software based on the average of all

responses.
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Figure 3.16. Interaction plot for parameters utilized (Abbreviations: ET — Exposure
time, MFL — Magnetic filler loading, LT — Layer thickness, AT — Additive type, WBE
— Wait before exposure, AL — Additive loading, SSV — Separation slide velocity).

3.5.2 Analysis of dimensional variation in composite width and length

Similar to the results observed for variations in printed magnetic composite
thickness in Section 3.5.1, the width and the length of the same magnetic composites
was measured to evaluate the influence of material and process parameters. Printed
magnetic composite samples were measured using a digital Vernier caliper (Mitutoyo,
Japan) to observe for the existence of any variational patterns and evaluate the influence

of material and process parameters as indicated in Table 3.1.
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Table 3.7: Response table for means — sample width.

Level E(g/)P (IV\V/Itlj’/I;) (:;:1) AT VZSE AL (Wt%)  SSV
11004 1010 1012 1007 1009  10.07 10.08
2 1014 1008 1005 1011 1009  10.10 10.09

Delta 010 002 007 004 000 003 0.01

Rank | 5 2 37 4 6

From the analysis of means, exposure time per projection, layer thickness and additive
type significantly influence the composite width. Additionally, signal to noise ratio was

used as a tool to identify the parameters that cause variability in the obtained results
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Figure 3.17: Main effects plot for sample width.
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Table 3.8: Response table for signal to noise ratio (Nominal is the best quality

characteristic).
MFL LT WBE AL
Level ET/P AT SSV
(Wt%) (um) S)  (wt%)

1 4484 46.15 44.01 4553 4496 4433 4449

2 4534 44.03 46.16 44.65 4522 4585 45.69

Delta 050 212 215 088 026 152 1.20

Rank 6 2 1 5 7 3 4

From the S/N ratio analysis, it is observed that the most significant parameters
influencing the composite width are layer thickness, magnetic filler loading and
additive loading. The average width of the magnetic composites is plotted with respect

to their printing zones to check for the existence of any variational patterns.

From Figure 3.17 it is evident that the trend in increase or decrease in composite
width is also dependent on the printing zone. From the box plot it is additionally
understood that the composite width in most of the print cases is above the designed

dimensions of 10 mm.

83



10.3
10.2 4
— ® —
£ AN £
E— 1 o o~ - 4 -Q‘:-‘. /’O\\ _E_
s 1014 7 47 Nt £ £
b= A Y /El Nt .'_'_}:_; - =
S ooT T N e <y s
- P a N S s ‘g -
2 B AN Ko > 2
Z 100 4 NS 2 10.0 A
3 \8 3
= x .............. Er s
9.9 ‘__I.~_'_‘ _________________________________________ 9.9 4
X© 1 el G2 —@-3 seed |
9.8 b e 9.8 I
1 2 3 4 5 6

Zone Number

Zone Number

Figure 3.18: Width variation of samples across 6 printing zones on the build head
(Left) Experiment 1 to 4 (Right) Experiment 5 to 8.
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Figure 3.19: Boxplot for sample width produced from each experiment listed on DOE
with a targeted sample width of 10mm, shown as the reference line on the graph

Similar measurements and analysis were also conducted for the composite length and

the results are expressed as follows.
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Table 3.9: Response table for mean of length.

ET/P MFL LT WBE AL
Level AT SSV
(s) (wt%)  (um) (s) (Wt%)
1 15.05 15.12 15.14 15.08 15.10 15.08 15.10
2 15.15 15.08 15.06 15.12 15.10 15.12 15.10
Delta 0.09 0.05 0.07 0.03 0.01 0.05 0.00
Rank 1 4 2 5 6 3 7
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Figure 3.20: Main effects plot of sample length

Table 3.10: Response table for signal to noise ratio for sample length.

ET/P MFL LT WBE AL
Level AT SSV
(s) (Wt%)  (um) Q) (Wt%)
1 4897 4696  46.75 48.56 48.74  46.79 47.99
2 4695 4896 49.18 4737 47.19 49.14 47.94
Delta 2.02 2.00 2.43 1.19 1.55 2.35 0.05
Rank 3 4 1 6 5 2 7
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From the means and signal to noise ratio analysis the parameters influencing
sample length are exposure time per projection, layer thickness and additive loading.
The variational pattern in sample length as observed in Figure 3.20 is identical only in
a few regions and does not adhere to any specific pattern as observed for sample
thickness and width. Additionally, from the box plot expressed in Figure 3.21, the

length of the composite in most of the experiment cases was observed to be higher than

the designed value of 15 mm.
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Figure 3.21: Length variation of samples across 6 printing zones on the build head
(Left) Experiment 1 to 4 (Right) Experiment 5 to 8.
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Figure 3.22: Boxplot for sample length produced from each experiment listed on
DOE with a targeted sample length of 15 mm, shown as the reference line on the

graph.

From this dimensional variation’s analysis, it is observed that variations in
composite thickness and width follow a very unique pattern compared to sample length
which doesn’t exhibit any specific pattern when composite samples are printed at
different zones on the print head as indicated in Figure 3.21. Among all the dimensional
variation results, thickness analysis was deemed more important as it was postulated
that the probability of printing polymers containing higher magnetic filler loading was

greater in these specific zones.

3.5.3 Analysis of thickness in cured ferromagnetic polymer layers

Results expressed in this section relate to the analysis of ferromagnetic polymer
curing behavior. In section 3.5.2, characteristic resin parameters like depth of

penetration (Dp) and critical energy of polymerization (Ec) were determines. Utilizing
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a fractional factorial design, the influence of experimental parameters on depth of
penetration was determined. The fundamental data utilized to determine the resin
characteristic parameters is the measured cured depth (or) thickness from grids
indicated in Figure 3.22. It is known that every grid was designed to receive a distinct
amount of UV exposure. In this section, first we understand the variations in thickness
measurements conducted using the CMM. Utilizing the thickness measurements of one
single grid, the influence of adopted experimental parameters is evaluated based on the

experiment design in Table 3.2.

(a)

Figure 3.23: Z-Y and X-Y-Z Plane views of thickness measurements recorded on the
CMM software (a) Z-Y plane view (b) X-Y-Z plane view. The distance between the
green points and the blue points are the thickness of the acrylic sheet.

Figure 3.22 shows an image from the CMM software on how thickness of the cured
ferromagnetic polymer layers adhering to the acrylic sheet was measured using the
CMM. To understand the capability of the measurements using a CMM, variation of

thickness across two grids of a sample are shown in Figure 3.23.
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Figure 3.24: Thickness variations across sample grids.

Difference between the maximum and minimum measured thickness in the
above mentioned example was observed to be 16 um and 21 pm. From the above
figure, variation in cured layer thickness measured using the CMM which is a contact
type measurement is well understood. This additionally exhibits the reliability of the
CMM measurements utilized to measure the cured depth and further derive

characteristic resin parameters of ferromagnetic polymers.

The design of experiment framework developed and listed in Table 3.2 was
evaluated for the obtained cured depth (or) thickness. Even though the thickness data
from every single grid was analyzed, cured layer thickness of one single grid (Grid
number 2) is expressed to understand the parameter significance. From Figure 3.24, it
is evident that moving towards a higher level of filler loading and additive loading the
cured thickness drastically reduces. The reason for observing a decrease in cured depth
at high filler or additive loading is trivial. The fillers and the additives hinder the UV
light penetration i.e the UV light cannot reach to a deeper layer of uncured resin. It was

additionally postulated that the initially solidified layer further reduces the penetration
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of UV light further deep into the resin. It was observed that the type of magnetic filler
does not have a significant impact on cured thickness. Moreover, choosing Disparlon
6900-20X as stabilizing additive or increasing the per projection exposure time yielded
a higher cured thickness. The increase in cured thickness at higher exposure time per
projection is due to the increased energy absorbed by the uncured resin. The trends in

the process parameters are expressed through factorial plot shown in Figure 3.24.
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Figure 3.25: Main effects plot for cured thickness (Grid number 2).

Analysis of variance was conducted to understand the significance of process

parameters on cured thickness.
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Table 3.11: Analysis of variance for cured depth / thickness.

Source DF  AdjSS Adj MS F-Value P-Value
Model 7 0.0032751  0.0004679 23.72 0.000
Blocks 2 0.000448 0.000224 1.13 0.346
Linear 5 0.032303 0.006461 32.75 0.000
MFL 1 0.022079 0.022079 111.93 0.000
MFT 1 0.000001 0.000001 0.01 0.934
AL 1 0.001499 0.001499 7.60 0.014
AT 1 0.000889 0.000889 4.51 0.050
ET/P 1 0.007834 0.007834 39.72 0.000
Error 16  0.003156 0.000197
Total 23 0.035907

A lower P-value (P < 0.05) indicates higher parameter significance and from
the above table, exposure time per projection, filler loading, additive loading and
additive type were observed to influence the cured thickness. The Pareto chart that

enables understanding the magnitude of the effects in shown in Figure 3.26.

Term

¢ Response - Cured Thickness - grid 2, (o = 0.05)
Factor Mame

D A Filler loading
B Filler type
C Additive Loading

B D Additive type
E Exposure time/Projection

0 2 4 6 g 10 12

Standardized Effect

Figure 3.26: Pareto chart for cured thickness for grid 2.
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A fundamental difference observed between the analysis of cured depth (Cq)/
thickness and analysis of depth of penetration (Dp) is that, the exposure time is a
significant parameter governing the cured depth whereas in the analysis resin
characteristic parameter Dj it was observed to be less influential. The pareto chart
showcases the absolute value of the effects, but a normal plot of effects is required to

understand the parameters that increase or decrease the final response.
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Figure 3.27: Normal plot of standardized effects for cured thickness (Cd).

From the normal plot, it is evident that both the filler loading and additive
loading reduce the cured thickness when changing the parameter from a lower level to
a higher level. Increasing the exposure time per projection and changing the type of
additive utilized were observed to result in increased cured depth/ thickness. It is these
thickness measurements that enabled to further determine and evaluate resin
characteristic parameters like depth of penetration and critical energy for
polymerization.
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3.6 Additional observations

This section explains the challenges encountered while printing prepolymers with
increased filler loading. In some printing cases, the cured layer was obsered to adhere
to the PDMS window as indicated in figure 3.28 hindering the printing process. In such
cases, the cured layer was removed and the prepolymer was further filtered using a
paint strainer cone inorder to remove additional cured fragments. The prepolymer was
mechanically agitated and the resin tray was cleaned prior to subsequent printing trials.
Filtering the resin was mandatory as the cured fragments were observed to hinder the

printing process.

3 e Ry
| Cured layer adhered to
PDMS windo ;

AT

| Magnetic particle
| reinforced resin

Figure 3.28: Cured layer adhered to the PDMS window

Additionally, attempts towards printing increased filler loadings was accomplished by
printing ferromagnetic prepolymer on a cured clear photopolymer layer that acted as a

print substrate instead of the aluminum build head as seen in figure 3.29.
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Single cured layer of Multiple cured layers of
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Figure 3.29: Magnetic composite printed on a cured clear photopolymer layer as

substrate

Even though, some attempts were successful, layer tearing was still observed in

composites printed using resins with higher filler loading.

Cured layer tearing in
printed composites

Figure 3.30: Cured layer tearing in printed composite
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Additionally, layer sliding was additionally observed in some magnetic composites.
This was caused due to process parameter settings that resulted in printer jamming

during the printing process.

Layer sliding in printed composite

Figure 3.31: Layer sliding observed in printed magnetic composite

Furthermore, removing the cured clear polymer base and the magnetic composite was

a significant challenge after the printing process.

3.7 Conclusions

A comprehensive study on the development, characterization, printing and
analysis of a magnetic particle reinforced photopolymer resin formulation for a
stereolithography 3D printing process was herein presented. Analyzing the thickness
variation of magnetic composites printed across different zones on the build head
augmented the understanding of the characteristics of the 3D printing equipment and
magnetic resin formulations. Based on a Taguchi analysis it was observed that exposure
time per projection, layer thickness, and magnetic filler loading significantly influenced

the mean thickness of magnetic composites. It was additionally observed that

95



irrespective of material and process variables, the thickness of printed magnetic
composites varied according to a specific pattern, i.e., thickness depended on the
printing zone on the build head. Similar to thickness, the width and length of composite
parts were additionally evaluated. The width of composite parts was observed to vary
in a similar manner as thickness whereas no such pattern was observed for composite
part length. The approach adopted to evaluate the curing behavior of ferromagnetic
polymer composites enabled understanding the role of constituent materials on curing.
The cured depth of photopolymer based ferromagnetic composites was found to
increase with increasing UV energy dose. The depth of UV penetration was observed
to be highly dependent on magnetic filler loading and additive loading utilized to
engineer the formulations suitable for fabrication. The analysis of variance method
enabled establishing the order of parameter significance based on Pareto charts and
normal plots of standardized effects. This analysis further enabled establishing the
critical energy of polymerization required to cure a composite layer of a specific
thickness. Utilizing the curing behavior analysis as a reference, exposure parameters
were determined for printing formulations engineered with 10 wt% and 25 wt%
magnetic filler content. It was observed that for the same filler loading, the exposure
time required to cure NdFeB reinforced polymer was less compared to SrFeO
reinforced polymer. It was additionally found that a formulation with 25 wt% magnetic
filler was printable only by adjusting other machine parameters like the
separation/approach slide velocity and Z-axis separation velocity. Even though
photopolymer with 25 wt% filler loading was printable, the resulting composites

contained defects that elucidate the need for further process parameter analysis in order
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to eliminate the observed defects. Tensile tests conducted on samples revealed that
NdFeB composites exhibited superior tensile characteristics compared to SrFeO
composites at a filler loading of 10 wt%. Utilizing the same exposure parameters for
the NdFeB resin, the smallest printable dimensions of the magnetic cantilever structure
was 0.13 mm. Overall, this fundamental study enabled understanding the 3D printing
characteristics of the developed material formulations and capability of the DLP printer
to 3D print magnetic structures with filler loadings up to 25 wt%. Future work will
focus on utilizing a robust framework to 3D print magnetic composites eliminating the
observed defects and additionally develop strategies to minimize the observed

dimensional variations.
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CHAPTER 4: CHARACTERIZATION OF MAGNETIC PARTICLE
ALIGNMENT IN PHOTOSENSITIVE POLYMER RESIN: A PRELIMINARY
STUDY FOR ADDITIVE MANUFACTURING PROCESSES

4. Overview of Chapter 4

In Chapter 4, a very fundamental approach is adopted to formulate the needs
for developing a material jetting equipment with particle alignment capability.
Scientific methods like finite element simulations, optical microscopy coupled with
image processing and X-Ray diffraction analysis are utilized to build robust
fundamentals towards equipment development. Technical contributions in this chapter

include

Finite element method magnetics simulation to evaluate magnetic flux density

distribution for permanent magnet based particle alignment setups

e Development and utilization of an experiment setup to evaluate alignment
behavior of magnetic particles dispersed in UV curable polymer in magnetic
fields

e Real time optical microscopy coupled with image processing to identify particle
alignment strategies and quantify degree of particle alignment

e Characterization of easy axis of magnetization (crystallographic texture) using

XRD analysis

4.1 Introduction

Material jetting is an Additive Manufacturing (AM) technique used to create
three-dimensional (3D) solid parts by dispensing material from a print head on a

substrate. Highly researched areas and most promising materials for future applications
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include the printing of polymers, ceramics and metals [1]. Material jetting 3D printing,
which is analogous to inkjet printing, is a well-established process utilized to create
solid parts by depositing liquid photopolymers using a print head and subsequent curing
using ultraviolet (UV) light. Examples of associated printing equipment include the
MultiJet (3D Systems, Rock Hill, South Carolina, USA) and PolyJet devices (Stratasys,
Eden Prairie, Minnesota, USA), which are capable of depositing materials selectively
and subsequent curing to fabricate multi-material parts [2]. In several publications the
use of direct inkjet printing for fabricating components from alumina (Al>O3) and lead
zirconate titanate (PZT) ceramics was demonstrated [3], [4]. Metallic particles
suspended in a polymer resin have been used to print components for electrical
applications. For example, nano-particulate inks containing gold and copper have been
printed successfully utilizing an inkjet printing process [5]. Huang et al. printed gold
nanocrystals using an inkjet printer to demonstrate a plastic compatible low resistance
conductor technology [6]. Inkjet printing of patterns using copper nanoparticles and

subsequent sintering for flexible electronics applications was demonstrated in [7].

Magnetic materials are of great importance for electrical and electronic devices.
Inkjet printing of iron oxide (Fe3O4) nanoparticles dispersed in a UV curable polymer
matrix for electromagnetic applications was reported in [8]. Considering particle
alignment, inkjet printing of cobalt-based magnetic nanoparticles with transverse
isotropy has already been demonstrated. It has been shown that inkjet printing based
AM processes can enable the control of particle orientation in every deposited droplet
by the application of a suitable external field. Aligning magnetic particles in the

manufacturing process by an external magnetic field promotes the creation of parts with
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high permeability. Song et al. utilized an electromagnet type particle alignment
configuration to orient magnetic particles in an inkjet printing based AM process [9].
Anisotropy of printed samples and particle orientation along the preferred axis of
magnetization were evidenced using hysteresis curve measurements. Similarly,
Kokkinis et al. demonstrated the local control of particle orientation in a direct ink
writing process using a rotating neodymium permanent magnet [10]. The
characterization of anisotropic magnetic particle alignment in the photosensitive
polymer resin was accomplished using Fast Fourier Transform (FFT) analysis on time
lapsed snapshots of optical microscopic images. Lu and co-workers confirmed the
printability of magnetorheological fluid dispersed in UV curable pre-polymers with
various particle distributions using a new additive manufacturing process named

magnetic field-assisted projection stereolithography [11].

Ferrites belong to the class of hard magnetic materials that are of commercial
importance. Ferrites are magnetic metal oxides that contain iron oxide as a principal
component. Strontium ferrite (SrFe2019) is a notable permanent magnet material due
to its comparatively low cost and wide availability. Apart from making permanent
magnets, strontium ferrite finds extensive applications in making inductor cores,
magnetic recording media, data storage components and electrical devices operating at
microwave/GHz frequencies. Strontium ferrite belongs to the class of M-type hard
ferrites, having a hexagonal structure like magnetoplumbite. Strontium ferrite has a
preferred axis of magnetization (‘easy axis’) along the crystallographic c-axis, so
individual particles will align themselves with the c-axis parallel to an applied magnetic

field [12]. Therefore, magnetic measurements yield different values when performed
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along the direction of alignment as compared to perpendicular to it. In general, when
the magnetic field is applied parallel to the c-axis, saturation magnetization and
coercivity are larger at lower applied fields compared to fields applied perpendicular
to the c-axis. X-ray diffraction (XRD) can be employed to detect this alignment
behavior. Compared to samples with randomly oriented particles, an anisotropic grain
or particle orientation in a material is indicated by strong (00/) reflections, that is, c-

axis alignment in a strontium ferrite composite [13].

In this chapter, the authors delineate the development of a particle alignment
configuration using permanent magnets for a material jetting based AM process. The
design of the particle alignment setup using Finite Element Method Magnetics
(FEMM), the experimental setup development and its capabilities are described in
brief. Through experiments with the developed setup, a fundamental understanding of
magnetic particle alignment in small droplets of a matrix resin prior to the curing
process was established. Anisotropy characterization was performed through image
processing and XRD analysis. Furthermore, the behavior of process parameters on
anisotropy development was evaluated employing a structured full factorial experiment
analysis. Ultimately, the objective of this study is to evaluate the developed particle
alignment configuration and provide a fundamental understanding of the fabrication
process to ultimately produce cured polymer-based 3D solids with localized particle

orientation through a material jetting based AM process.
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4.2 Experimental procedures
4.2.1 Materials

For this study, strontium ferrite powder and PR-48 photosensitive polymer resin
were purchased from DOWA Electronics Materials Co. Ltd. (Tokyo, Japan) and
AUTODESK Inc. (San Rafael, California, USA), respectively. The average particle
diameter and volumetric mass density of the magnetic filler as specified by the

manufacturers are correspondingly 1.41pm and 3.41g/cm?.

4.2.2 Scanning electron microscopy

The morphology of the strontium ferrite powder was observed employing
scanning electron microscopy (SEM) in a Zeiss EVO M10 SEM (Carl Zeiss AG,
Oberkochen, Germany) equipped with a tungsten source thermionic emission unit at
an acceleration voltage of 20kV and magnification of 4.52KX. Figure 4.1 shows an
SEM image of magnetic filler particles, which do not exhibit any characteristic

geometric shape.

2pm Mag= 452KX  EHT=20.00kV & o
‘ ] #iianoras
WD =105mm Signal A = SE1 File Name = SF_0113 &f e —]

Figure 4.1: SEM image of strontium ferrite powder.
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4.2.3 Magnetic field simulation for particle alignment setup

Strontium ferrite particles were aligned within the resin using a pair of cube-
shaped N52 grade neodymium permanent magnets purchased from K&J Magnetics
Inc. (Pipersville, Pennsylvania, USA). The dimensions of the cube magnets are 9.5mm.
The surface field of the sintered cube magnets as specified by the manufacturer is 0.6
Tesla (T). The FEMM software developed by Meeker at QinetiQ North America
(Waltham, Massachusetts, USA) was used to simulate the approximate magnetic flux
density at the center between the two cube magnets [14]. The input parameters for the
analysis were the type and dimension of the cube magnets, the magnetization direction,
the distance of separation, and the surrounding medium. The analysis was performed
applying open boundary conditions. The alignment configuration using two cube

magnets is depicted in Figure 4.2.
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N — North pole of magnet
S —South pole of magnet
d — Separation distance b/n magnets

Figure 4.2: Alignment configuration using two cube magnets.

4.2.4 Experimental setup

To carry out the experimental research on filler orientation for additive
manufacturing, an experimental setup was developed to enable orientation control of

magnetic particles within the photosensitive resin. A computer control system with a
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graphical user interface was programmed enabling the operation of the mechanical and
electrical components of the setup. The system was based on an Arduino Mega, a
printed circuit board manufactured by Arduino (Scarmagno, Italy). Three stepper
motors NEMA 14 from Changshou Songyang Machinery & Electronics (Changshou,
Jiangsu, China) were used to adjust the distance between the cube magnets and their
orientation. Limit switches were used to provide the system with reference positions.
In addition, the pair of cube magnets is positioned about a fixed center of rotation. This
rotation point is considered with respect to the horizontal plane of the transparent build
platform made from pressed polished polyvinyl chloride used to hold the specimen.
This enables the magnet faces to be parallel and point toward the center of the specimen
tray, irrespective of the angular orientation and the distance that is set between the
magnets. For specimen curing, two 10W ultraviolet light-emitting diode emitters with
a light wavelength of 405nm were used (model LZA-00UA00, LED Engin Inc., San
Jose, California, USA). The developed test setup offers an accuracy of lmm regarding

the distance between the magnets and 2° in terms of rotation.

The conditions for an experiment are set using the graphical user interface. The
following parameters are adjustable: distance between the cube magnets, their angular
position, time for positioning the magnets to their position, and duration of LED
activation. The time parameters were selected to allow for filler particle alignment in

the magnetic field and specimen curing.
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4.2.5 Filler alignment characterization experiments using real time optical
microscopy

To study the effect of the magnetic field on the count of oriented structures and
angular orientation, 1wt% strontium ferrite powder was dispersed in PR-48 resin
through mechanical mixing at 500 rpm for 10 minutes using an impeller agitator from
Calframo Ltd. (Georgian Bluffs, Ontario, Canada). No other additives were added into
the particle resin mixture. The strontium ferrite powder was anisotropic and non-
magnetized prior to the experiments. Nylon plastic washers with an inner diameter of
5.3mm were placed at the center of the specimen tray to hold the liquid resin mixture
within a confined space. The resin mixture was manually deposited using a syringe.
The filler alignment prior to resin curing was evaluated by varying the separation
distance between the cube magnets and maintaining a constant magnetization time (i.e.
the time the cube magnets remained at a specific distance of separation). The

components of the experimental setup are detailed in Figure 4.3.

Three different horizontal alignment configurations were studied, denoted as
‘direct cardinal orientation’ (i.e. 0°, see Figure 4.3b), ‘direct angular orientation’, and
‘magnetize and rotate’ (e.g. 30° as shown in Figure 4.3c). For direct cardinal
orientation, experiments were conducted for different cube magnet separation distances
ranging between 30mm and 60mm. For direct angular orientation, the angular position
of the cube magnets was adjusted first, followed by moving the magnets to the desired
proximity to the sample. The magnetization time was kept constant at 20 seconds for
the cases of direct cardinal orientation and direct angular orientation. For the magnetize

and rotate configuration, particles were first magnetized using the direct cardinal
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orientation setup at a separation distance of 30mm for 15 seconds, followed by
retracting the cube magnets to a separation distance of 90mm. Then, the cube magnets
were rotated to the desired angular orientation, and lastly, moved to the final separation
distance. The magnetization time after rotation was five seconds. Due to restrictions of
the experimental setup, the minimum cube magnet separation distance for all angular
orientation configurations was 40mm; the selected maximum distance was 60mm, as

for the case of direct cardinal orientation.

I Actuated magnet carrier

Figure 4.3: Sample fabrication device (A), build platform with cube magnet carrier in
direct cardinal orientation (B), 30 °angular orientation (C), and vertical orientation

to build platform (D).
Real-time optical microscopy was employed to capture images of the samples
at 4X magnification. Digital images were enhanced and processed using the

‘directionality’ feature available in the ImagelJ software (National Institute of Mental
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Health, Bethesda, Maryland, USA) [15]. The directionality analysis algorithm
determines oriented structures in an image using either Fourier component analysis or

local gradient orientation techniques.

Resulting data can be compiled to create charts and be used for statistical
analyses for the observed oriented structures. Images were acquired with a constant
size of 3488x2616 pixels, cropped to 2500x2500 pixels with respect to the image
center, converted to grayscale, enhanced, and analyzed for directionality using the local
gradient orientation technique implemented in the Imagel] software [16], which
employs a 5x5 pixel Sobel filter to derive the local gradient orientation. Resulting data
was compiled into graphs with abscissa values ranging from negative 90° to positive
90° for the particle orientation, and an ordinate displaying the count of oriented
structures. Presumably, the image analysis of oriented structures exposes a peak in a
depicted curve at the respective orientation angle whereas isotropic samples produce
results in the form of a flat curve. Hence, for the present study, the degree of
directionality was assessed from the presence of a peak and its broadness in plotted

curves.

4.2.6 XRD analysis for c-axis alignment

In addition to image analysis, anisotropy characterization was performed
through preferred orientation analysis using XRD. For this analysis, 2wt% strontium
ferrite filler was dispersed in the resin by mechanical mixing. Samples were prepared
by manually dispensing a single droplet of the mixture within a washer, followed by
curing for 180 seconds under ultraviolet light. Particle alignment in specimens prepared

for XRD analysis occurred in vertical direction, i.e. perpendicular to the build platform,

110



employing the direct angular orientation conditions and separation distances of 30mm,
40mm and 50mm (see Figure 4.3d). XRD measurements were performed by a
Geigerflex 2173 diffractometer (Rigaku Corporation, Tokyo, Japan). The
diffractometer is fitted with a Co-tube as an X-ray source and a graphite
monochromator to filter K-beta wavelength. Tests were performed at 38kV and 38mA,
and samples were scanned over 26 ranging from 30° to 70° at a rate of 2°/min. First,
bulk magnetic powder was analyzed, in part, to find the incident angles for the (008)
crystallographic plane. Three samples were cured at separation distances as specified
above. For comparison, a single sample, designated as ‘isotropic specimen’, was cured
without applying the magnetic field. In another study [17], XRD measurements of thin
films revealed that the (008) peak is most prominent for films with strontium ferrite
crystals oriented normal to the film surface, while it is shallow for randomly oriented
specimens. In randomly oriented strontium ferrite thin films, the (114) and (203) peaks
were significantly enhanced compared to the (008) peak. In the present work, the
intensity, /, of the (008) peak for samples oriented at different separation distances was
assessed with respect to the isotropic sample using the intensity ratio R defined in

Eq.4.1.

_ Ipog(aligned) 4.1
 Iyog(isotropic)

Roos

4.2.7 Influence of process parameters: Full factorial combination experiments
Once a basic understanding of the anisotropy characteristics of fabricated
samples was obtained through image processing and XRD, an assessment of the
influence of process parameters, i.e., separation distance between cube magnets and

magnetization time, was performed constructing a full factorial experiment design
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using the Minitab statistical software (State College, Pennsylvania, USA). By varying
both the separation distance between the cube magnets and the magnetization time,
experiments were conducted to evaluate the count of oriented structures for the case of
direct cardinal orientation using the described digital image filler alignment
characterization method. Table 4.1 shows the process parameters and corresponding
selected levels.

Table 4.1: Factors and levels selected for experimental analysis.

Magnetization time Separation distance
Level
) (mm)
1 3 30
2 6 37
3 9 44
4 12 51

Using the Minitab software, different process parameter combinations were
generated. Considering two process parameters and four levels, the total number of
experiments in this setup was 16. Experiments were performed randomly in triplicate.
The objective of the experiments was to explore the effects of individual process
parameters and to identify the process parameter combination that resulted in the higher
count of oriented structures. The main effects plot derived from the average of the
responses was used to elucidate the behavior of the process parameters. In this research,
a high value for the count of oriented structures was desired and ultimately used as the

criterion to select the final process parameters.
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4.3 Results and discussion

4.3.1 Particle alignment configuration design and analysis using FEMM

In this section, results from the FEMM software used to design and evaluate the
particle alignment configuration are described. The FEMM simulation indicated the
existence of a dipole field between the two cube magnets. Results from the FEMM
simulation, depicted in Figure 4.4, indicate an exponential decrease in magnetic flux

density with increasing separation distance between the cube magnets.

1.2E-01
y = 23.352x1>78
9.0E-02

6.0E-02

3.0E-02

Magnetic flux density (T)

0.0E+00
25 45 65 85

Distance of separation (mm)

Figure 4.4: FEMM predictions for magnetic flux density at the center between two
cube magnets with respect to their separation distance.

For example, the magnetic flux density at a separation distance of 70mm is
reduced by 74% compared to the flux density at 30mm. From the simulation results, a
correlation between the cube magnet separation distance, d (in millimeters), and the
approximate magnitude of magnetic flux density, B (in Tesla), acting on a droplet

sample location was established, as described by Eq. 4.2. Values for the magnetic flux
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density along the x- and y-axes were derived from the simulation results starting from

the center point O (see Figure. 4.2 for coordinates).

It was presumed that the magnetic flux density reaches a value equivalent to the
surface flux density of the cube magnet along the x-axis and reduces to zero at a point
along the y-axis. As depicted in Figure 4.5, the FEMM simulation confirmed this
presumption, i.e. along the x-axis, the magnetic flux density between two cube
permanent magnets increases from 0.1 Tesla at the center point O to 0.6 Tesla near the
magnet face. The latter is equivalent to the cube magnet surface field. Along the y-axis,
the magnetic flux density decreases from 0.1 Tesla at the center point O to zero at

approximately 22mm.
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Figure 4.5: FEMM predictions for magnetic flux density along the x- and y-axes for a
cube magnet separation distance of 30mm.
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4.3.2 Optical microscopy study of aligned filler morphology

In this study, fundamental capabilities of the experimental setup were evaluated
using optical microscopy, image processing and XRD analysis. Using real-time optical
microscopy, it was possible to capture and assess the magnetic filler alignment within
the resin prior to the curing process. Observed microstructures for direct cardinal

orientation (i.e.~ 0°) are presented in the images in Figure 4.6.

- —1mm

Figure 4.6: Micrographs of filler particles in liquid resin at a separation distance of
(A) 30mm (~0.11 T), (B) 40 mm (~0.07 T), (C) 50 mm (~0.05 T), and (D) 60mm
(~0.04 T), for case direct cardinal orientation (0°).

Presumably, the strontium ferrite particles behaved like individual magnetic
dipoles under the influence of the applied magnetic field, and hence, the particles
formed chain-like microstructures. The development of distinct chain structures

depended on the magnetic flux density that varied with separation distance. For the
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case of direct cardinal orientation, the separation distance was varied from 30 mm to
60 mm in steps of 10 mm. The formation of continuous chains was observed in the
form of distinct striations at the closest separation distance of 30mm. The linkage of
particles and formation of distinct continuous chains diminished with increasing cube
magnet separation distance, and thus, magnetic flux density. Conducting image
analysis using the ‘directionality’ feature in the Imagel software yielded the

directionality graph shown in Figure 4.7.
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Figure 4.7: Filler directionality analysis data for the case direct cardinal orientation.
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Figure 4.8: Filler directionality analysis data for the case direct angular orientation.

The data, following a bell curve shape, indicates a significant influence of the
magnetic flux density, being a function of cube magnet separation distance, on particle
alignment; that is, a greater number of particles is aligned in the 0° direction along with
a decreasing deviation from the mean. Similar tests were conducted for the case of
direct angular orientation (i.e. the cube magnets were rotated to the desired angular
position of 30°, followed by setting the separation distance). The experimental results
shown in Figure 4.8 exhibit similarities to the case of direct cardinal orientation; that
is, with increasing magnetic flux density a greater number of particles aligned in the

set magnet direction (30° in this case).

Finally, the case of magnetize and rotate was studied for a final angle of rotation

of 30° and separation distances of 40 mm, 50 mm and 60 mm. Notably, it appears that
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the magnetize and rotate process yielded significant enhancements in filler alignment

compared to the case of direct angular orientation.
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Figure 4.9: Filler directionality analysis data for the case magnetize and rotate.

As shown in Figure 4.9, the case of magnetize and rotate yielded a greater count
of oriented structures in the set direction of 30° with a decreased deviation from the
mean as compared to the case of direct angular orientation. Moreover, the data depicted
in Figure 4.9 indicates a comparatively small decrease in the count of oriented

structures with increasing separation distance of the cube magnets.

To further explore the differences between the cases of direct angular
orientation and magnetize and rotate, respective microstructures of fillers in resin are
presented in Figure 4.10 for alignment angles of 30°, -30°, 45° and -45°. It can be
observed that striations formed by aligned particles are more distinct and prominent for

magnetize and rotate than direct angular orientation. Directionality curves for the above
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alignment angles for the cases of magnetize and rotate and direct angular orientation
are shown in Figure 4.11 and 4.12, respectively. Comparatively sharp peaks can be
observed for the case of magnetize and rotate while peaks for the direct angular
orientation case are rather broad. These observations suggest that in the magnetize and
rotate case, strong particle alignment was achieved during the initial magnetization
phase at a high magnetic flux density (at 0° and low separation distance of 30mm),
which was preserved during the subsequent field reorientation with a reduced magnetic

field strength.
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1 ‘ N SN,
Figure 4.10: Micrographs of filler particles in liquid resin for the cases direct

angular orientation (left column) and magnetize and rotate (right column) with
angular orientations of 30°(4,E), -30°(B,F), 45°(C,G), -45°(D,H).
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Figure 4.11: Filler directionality analysis data for multiple angle orientations for the
magnetize and rotate configuration.
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Figure 4.12: Filler directionality analysis data for multiple angle orientations for the
direct angular orientation configuration.
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4.3.3 XRD analysis of bulk magnetic filler and filler modified composites

The XRD diffraction peaks obtained for bulk magnetic powder confirmed the
material to be strontium iron oxide (also known as strontium dodecairon
nonadecaoxide) with SrFei2019 as the chemical formula. The diffraction peak for (008)
crystallographic plane was observed at a 26 incident angle of 36.18°. XRD results for
26 incident angles ranging between 30° and 45° are presented in Figures 4.13 and 4.14
for resin specimens that were cured with fillers being aligned perpendicular to the build
platform and an isotropic sample, respectively. Intensity ratios as defined by Eq.4.1 are
depicted in Figure 4.15, which indicate a decrease in intensity ratio for increasing cube
magnet separation distance.
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Figure 4.13: XRD analysis data for the anisotropic filler composite sample.
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Figure 4.14: XRD analysis data for the isotropic filler composite sample.
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Figure 4.15: (008) peak intensity ratios for different cube magnet separation
distances.

The (008) peak in Figure 4.13 for the anisotropic sample is approximately 17

times greater than the corresponding peak for the isotropic sample in Figure 4.14, as
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determined using Eq.4.1. The strongly increased (008) peak intensity of the anisotropic
sample is indicative of significant filler c-axis alignment in the magnetization direction.
For the isotropic sample (with randomly oriented particles), greater intensity of the
(114) and (203) peaks can be observed as compared to the anisotropic sample, which
is congruent to observations by Koleva and co-workers [11]. XRD results thus
corroborate that significant filler alignment is achievable with the developed

experimental setup.

4.3.4 Influence of process parameters: Full factorial experiments

This section presents the combined effect of process parameters listed in
Table 4.1 on the count of oriented structures for the case direct cardinal orientation.
The objective of the analysis was to find the process parameter combination that
resulted in higher count of oriented structures in directionality analysis, therefore
defined as the response variable. The fitted means from the experimental results were
used to create the main effects plot using the Minitab statistical software as shown in
Figure 4.16. An approximately linear increase in the count of oriented structures with
comparatively low gradient was observed with increasing magnetization time, ¢, which
indicates that there is adequate time for particles to rotate and interact to form chain
structures. With respect to separation distance, the count of oriented structures
decreased greatly with the increase of this parameter, given that separation distance is
associated with an exponential decrease in magnetic flux density. From the main effects
plot, it was concluded that cube magnet separation distance, that is, the magnetic flux
density acting on the magnetic filler particles, is the most important process parameter

influencing the response variable. It was further established that a cube magnet
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separation distance of 30mm and a magnetization time of 12 seconds provide the

greatest effect on the count of oriented structures for the developed experimental setup.

A Pareto chart was derived considering the individual process parameters and
a single interaction term to determine the magnitude of their effects on the count of
oriented structures, C. The Pareto chart shown in Figure 4.17 indicates that the
separation distance, d (factor B in this chart indicated by the acronym ‘SDS’) between
the cube magnets has the maximum influence on count of oriented structures followed
by magnetization time, ¢ (factor A ‘MTS’) and the interaction between the two process
parameters (factor AB). Bars crossing the (red) reference line at 2.04 indicates that all
included terms have statistically significance on the count of oriented structures (factors

are significant at a 0.05 level).
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Figure 4.16: Main effects plot for count of oriented structures (fitted means) with
respect to magnetization time and separation distance.
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Figure 4.17: Pareto chart depicting absolute values of the standardized effects. The
response is the count of oriented structures. Factors are significant at a 0.05 level.

The resultant data of the full factorial experiment was fitted to an equation

including interaction and quadratic terms as shown in Eq.(4.3).

C=6228x10%2+4+tx1.481%x103—d x2.239x%x1073 4.3)
+d*x25x1075
—dXxtx28x107°>

The coefficient of determination (R?) for the above equation was observed to
be 93.7%. Considering a model equation without interaction terms the coefficient of
determination (R?) was 78.4%, which is 15.3% lower than the model with interaction
terms. This signifies that the count of oriented structures is additionally influenced by
the interaction among the two process parameters considered in this initial experiment.
A detailed design of experiment analysis studying the statistical significance of the

process parameters will be undertaken in future studies.
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4.4 Additional results

4.4.1 Development of a permanent magnet array and comparison with two cube
system

Alignment configurations to orient magnetic particles were designed using cube
shaped N52 grade neodymium permanent magnets. The dimensions of the selected
cube magnets were 9.5 mm. The surface field of the sintered cube magnets as specified
by the manufacturer is 0.6 Tesla (T). The Finite Element Method Magnetics (FEMM)
software developed by David Meeker at QinetiQ North America (Waltham,
Massachusetts, USA) was used to evaluate the approximate magnetic flux density at

the center between the cube magnets.

Two magnets setup Halbach array setup
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Figure 4.18: Developed alignment configurations and FEMM modelling results.

Two different alignment configurations were modelled and analyzed. The
Type 1 configuration was a two-cube shaped permanent magnet system with opposite

polarities of the magnets facing each other, whereas the Type 2 configuration was a
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combination of eight magnets placed in a Halbach array [1]. Input parameters for the
analysis were the type and dimension of the cube magnets, magnetization direction,
distance of separation, and properties of the surrounding medium. The alignment
configurations designed and analyzed using FEMM software are depicted in
Figure 4.18. FEMM simulation results indicated the existence of a dipolar field in both
the alignment configurations. Then, magnetic flux density at the center within the
Halbach array was compared to the two-cube magnet alignment configuration for a
separation distance of 30 mm. The Halbach array configuration provides a flux density
enhancement by 0.21 Tesla over the two-cube magnet alignment configuration. The

flux density predictions are presented in Figure 4.19
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Figure 4.19: FEMM comparison for two-cube and Halbach array.
4.4.2 Proof of concept optical microscopy within magnetic array
Permanent magnets were embedded inside a 3D printed fixture according the

orientation configuration observed in Figure 4.20.
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Figure 4.20: Magnetic array developed using permanent magnets embedded in 3D
printed fixture.

Figure 4.21: Proof of concept optical microscopy within the magnetic array A) height
from substrate is 5 mm B) height from substrate is 15 mm.

4.4.3 Realization of another additive to mitigate particle settling

Apart from BYK 7410 ET which enabled controlling particle settling in UV
curable formulation, another additive Disparlon 6900-20X was additionally tested for

its capability.
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Figure 4.22: Photographs of magnetic filler settling experiments, taken at (1)
immediately, (2) 3 hours, and (3) 24 hours after filling the test tubes. (A) Owt%
rheological additive, (B) 0.5wt% BYK 7410 ET, (C) 2wt% BYK7410 ET,
(D) 0.5wt% Disparlon 6900-20X, (E) 2wt% Disparlon 6900-20X.

4.5 Conclusions

In this fundamental study, an experimental setup was built to investigate the
alignment and orientation of randomly shaped hard magnetic particles in a

photosensitive polymer matrix using an external magnetic field created by a pair of
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permanent (cube) magnets. The experiments successfully demonstrated that alignment
and orientation of strontium ferrite particles in the polymer can be achieved in a
controlled manner using the permanent magnet dipole field. Using real-time optical
microscopy, the interaction of magnetic fillers and the formation of continuous chain
like microstructures was evidenced. Image analysis of liquid resin composites
subjected to constant magnetization time demonstrated a significant increase in the
count of oriented structures with decreasing separation distance between the permanent
magnets. FEMM predicted an exponentially diminishing magnetic flux density with
increasing magnet pair separation distance. It was demonstrated that an initial particle
magnetization at the minimum permanent magnet proximity and thus maximum
magnetic flux density, followed by particle reorientation at a high magnet separation
distance yielded superior results as compared to reorienting particles directly for a
range of intermediate field strengths. Particle interactions and the formation of chain-
like microstructures created during the initial magnetization phase was significant and
enabled the rotation of formed chains even at low magnetic flux densities. In
magnetized and cured polymer composite samples, XRD analyses confirmed
significant c-axis alignment of strontium ferrite particles as compared to samples with
randomly oriented filler. A main effects analysis employing a full factorial design
revealed that the permanent magnet separation distance had the most significant
influence on filler alignment rather than magnetization time. From the information
gathered through the present study, it was concluded that a permanent magnet dipole
field is a suitable means for constructing a device for aligning magnetic particles for

material jetting 3D printing.
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CHAPTER 5: RHEOLOGY ASSISTED MICROSTRUCTURE CONTROL
FOR PRINTING MAGNETIC COMPOSITES - MATERIAL AND PROCESS
DEVELOPMENT

5. Overview of Chapter 5

In the present chapter, a scientific approach was carefully implemented to create
magnetic polymer composite structures with desired microstructure by engineering
material formulations. The material formulations were engineered to suit material
jetting additive manufacturing process and tested for their capability to enable
fabricating magnetic composites with isotropic and anisotropic magnetic particle
distributions. Rheometry, optical microscopy and magnetic characterization were
utilized to characterize the developed formulations and composites. Technical

contributions in this chapter include

Characterization of rheological and thixotropic properties of the developed

formulations

e Utilizing models from the technical literature to derive formulation properties

e Analyzing particle aggregation in photopolymer suspensions and providing
solutions to mitigate particle aggregation

e Development of new manufacturing schemes through component re-designs,
and programming new printing and curing schemes

e Evaluation of particle alignment as a function of formulation viscosity

e Characterization of magnetic properties along and perpendicular to the

direction of particle structuring
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5.1 Introduction

Material jetting is an additive manufacturing process where three-dimensional
solid parts are manufactured by dispensing polymeric material from a print head and
subsequently solidifying them utilizing ultraviolet light or thermal curing
methodologies. Material jetting employing photopolymerization is similar to
stereolithography, where acrylate type photopolymers are deposited and exposed to
ultraviolet light. Promising material systems for future applications include polymers,
ceramics and metals. Factors that mutually influence the material jetting process are
machine and material parameters, including liquid material viscosity, shear thinning
effects and surface tension, print head nozzle design, speed, and droplet velocity and
droplet frequency. The development of fabrication processes includes the fine tuning
of material and machine parameters in order to achieve robust and effective material

jetting based additive manufacturing [1].

Field structured magnetic composites are manufactured by aligning magnetic
particles within a polymer matrix by applying an external magnetic field. The concept

of field structuring is illustrated in Figure 5.1.
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Figure 5.1: Schematic of magnetic field induced particle structuring in magnetic
polymer composites
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The external magnetic field produces particle chaining that enhances magnetic
properties like remanence and susceptibility along the direction of field structuring [2].
Such field structured magnetic materials are of significant interest in applications like
magnetic sensors and data storage systems [3], [4]. Anisotropy in thermal conductivity
was achieved by orienting ferromagnetic particles in epoxy resin applying an external
magnetic field where the chain like microstructures served as enhanced heat flow paths
[5]. Inkjet printed one-dimensional arrays of monodisperse Fe3O4 nanoparticles with
high anisotropic magnetization with possible applications for magnetic field sensing
was demonstrated in the technical literature [6]. Among the available magnetic
materials, ferrite based magnetic materials have become particularly important for a
multitude of applications. Strontium ferrite is one such material, having a hexagonal
structure like magnetoplumbite [7]. Under the influence of an external magnetic field,
dipole moments induced in the particles along the crystallographic C-axis orients the
particles along the direction of applied magnetic field. Additive manufacturing of
magnetorheological fluid-dispersed photopolymers using magnetic field assisted
stereolithography has been studied and reported in the technical literature [8]. The
influence of applied magnetic flux density on the degree of particle alignment and
orientation behavior at multiple angles has already been reported in previous work by
the present author [9]. Finite Element Method Magnetics (FEMM) simulation for a
two-cube magnet particle alignment system indicated an exponential reduction in
magnetic flux density with increasing separation distance between the magnet faces.
Simulations additionally showed that the magnetic flux density was enhanced by

0.21 Tesla in a magnetic array type particle alignment system compared to a two-cube
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permanent magnet system [10]. The developed particle alignment systems were
integrated with an in-house developed material jetting 3D printer which in addition to
material deposition enabled particle structuring during the manufacturing process [11].
Moreover, the effectiveness of utilization of additives to mitigate particle settling in
polymers using two different additive systems has been reported in the technical

literature [12], [13].

The present study investigates the capabilities of polymer formulations
engineered with magnetic fillers and additives for the material jetting additive
manufacturing process. First, the developed formulations were characterized for their
rheological behavior, and mathematical models were utilized to derive suspension
properties. Derived properties were utilized to correlate different aspects of material
and process behavior observed at various manufacturing process stages. The role of
additives toward controlling particle aggregation and enabling particle alignment was
evaluated using optical microscopy. Optical microscopy coupled with directionality
analysis using image processing enabled quantifying particle alignment within the
dispensed photopolymers. The fundamental understanding thus obtained for developed
materials and process scenarios permitted the fabrication of field structured composites
using a suspension engineered with 10 wt% magnetic particle loading. Magnetic
characterization of field structured composites was conducted using a SQUID
(superconducting quantum interference device) magnetometer. The goal of this work
was to scientifically rationalize material behavior and utilizing this knowledge for
developing magnetic composite structures with controllable microstructures.

Ultimately, this research seeks to provide an in-depth understanding of the role of
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material formulations, magnetic alignment setup and manufacturing process methods,
in order to further evolve processes to produce 3D magnetic solids using the material

jetting based additive manufacturing process.

5.2 Experimental procedures
5.2.1 Materials

For this study, strontium ferrite (SrFeO) powder with an average particle size
of 1.41 um was purchased from DOWA Electronics Materials Co. Ltd (Tokyo, Japan).
Photosensitive polymer resin PR-48 was purchased from Colorado Photopolymer
Solutions (Boulder, Colorado, United States) and rheological additive BYK 7410ET

was obtained from BYK-Chemie GmbH (Wesel, Germany).

5.2.2 Magnetic filler dispersion methodology

Dispersion of magnetic fillers in the UV curable prepolymer was accomplished
using a combination of mechanical mixing and sonication techniques. Strontium ferrite
powder was added in the desired quantity to the PR-48 resin and the resultant
combination was agitated using an impellor agitator from Calframo Ltd (Georgian
Bluffs, Ontario, Canada). After mechanical agitation, ultrasonic mixing was initiated
using a Branson model S-75 sonicator (Branson Ultrasonics Corporation, Danbury,
Connecticut, USA) adopting 15-second pulsed on/off mode for 15 minutes. The
suspension was allowed to rest for a day. The suspensions were again mechanically
agitated to enhance the efficiency of the rheological additive. Any air that was

entrapped during the mixing processes was degassed in vacuum.
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5.3 Characterization methods

5.3.1 Rheological behavior — Viscosity and flow curve analysis

Rheological analysis of magnetically loaded prepolymer suspensions
containing ferromagnetic particles and rheological additive materials was performed
using a rotational rheometer (Rheolab QC, Anton Parr GmbH, Graz, Austria) equipped
with double gap type measuring system. Table 5.1 lists the material formulations that
were characterized for their rheological properties.

Table 5.1: Materials characterized for rheological properties.

Material Magnetic Additive Additive

code filler type loading
Base - - -
Resin
10SF 10 - -
10SF- 10 BYK- 0.5
0.5BYK 7410ET
10SF- 10 BYK- 2
2.0BYK 7410ET

Flow curves derived from rheological characterization experiments for the
magnetic suspensions were used to interpret the suspension behavior. In material jetting
processes, extrusion of the developed formulation is driven by an applied pressure.
Shear forces break the network structure developed resin material by the rheological
additive. Flow of the liquid formulation that is ejected from the nozzle is primarily
governed by equations for incompressible, laminar flow through a circular tube of
constant cross-section. The Hagen Poiseuille equation defines the pressure drop as

indicated in Eq.5.1.

Ap = (8"QL> .1)

r

139



where Ap is the pressure drop, Q is the volumetric flow rate, n is the formulation
viscosity, » and L are the radius and length of a circular tube, respectively. The shear

stress at any point inside the circular tube is given by Eq.5.2.

Ap (5.2)
T= — ﬁr

The wall shear rate, y,,, in terms of pressure drop is given by Eq.5.3.

Apr

Yw = TuL2 (5.3)

The volumetric flow rate Q1is expressed as [14]:
1

_ 217 — n (_ Ap )H 3n+1 (5.4)
Q= mrtv 7T(:)>n+1) omi) "

In Eq.5.4, n is the power law index and m is the consistency index (or) viscosity
obtained from mathematical analysis of rheological data through a power law model.
From the theoretical equations, we interpret that —Vp a Q™, i.e., the pressure gradient
is less sensitive for a shear thinning fluid than for a Newtonian fluid [14]. The
dependence of fluid viscosity on shear rate is expressed utilizing a power law as
indicated in Eq.5.5.

n =my"? (5.5)
Here, n is the power law index or shear thinning exponent and m is the consistency
index (or) viscosity [15]. The magnitude of power law index » indicates the degree of
pseudoplasticity in the characterized material. The power law model is a two parameter
model and is used extensively to enable fundamental understanding of fluid behavior.
An expression for the actual shear rate experienced by the fluid inside the cylinder as

expressed in technical literature is indicated by Eq.5.6 [16]
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y="-—"> 3n+1 (5.6)
(3n + 1) ron

It was additionally observed that a formulation with low viscosity experiences
higher shear rates during the dispensing process [16]. Overall, from the above
theoretical equations, the importance of rheological modification of formulations is
well established. Yield strength of the magnetic suspension that characterizes the
behavior of material at rest was determined using the Herschel-Bulkley equation that
is well suited for Non-Newtonian fluids. The Hershel-Bulkley model equation is

expressed as follows:

T= 1o+ Cy" (5.7

where 79 is the yield point or yield strength, C is the consistency index, t is shear stress,
Y is shear rate and » is the Herschel-Bulkley index. The Herschel-Bulkley index
primarily determines the behavior of the suspension as follows: n <1 for shear thinning
behavior, n > 1 for shear thickening behavior and n» = 1 for Bingham behavior [17],

[18].

5.3.2 Thixotropic flow behavior analysis

Thixotropy refers to reversible changes in fluid behavior from a flowable liquid
to a solid elastic gel. Liquids with a microstructure exhibit thixotropy and it reflects on
the time taken to move from one microstructural state to another and back to the
original microstructure. These materials exhibit structural decomposition at high shear
rates and structural regeneration at low shear rates. Stresses experienced by the fluid

play a dominant role in breakdown of the thixotropic network structures [19]. The
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influence of rheological additives on thixotropic behavior of magnetic suspensions was
characterized using a step test consisting of three intervals. Low shear rate conditions
simulate the sample behavior under stationary conditions and high shear rate conditions
simulate sample behavior under the influence of external forces. Experiments were
conducted using controlled shear rate conditions. In the first interval, viscosity was
measured at y’= 1 s”! for 20 seconds followed by viscosity measurement at y'= 300 s™!
for 50 seconds and finally viscosity was measured again at y'= 1 s for 40 seconds. This
test was used to characterize the structural decomposition and regeneration behavior of
the magnetic suspensions incorporated with rheological additives. The thixotropy index

that characterizes time dependent viscosity recovery was calculated using Eq.5.8

T2 =M _ A1 (5.8)

Thixot index = =
ixotropy index PP

where 1,, 17; are viscosities in the recovery phase at two different times t; and ¢,.

5.3.3 Magnetic particle reinforced resin behavior in magnetic field

To carry out experimental research on stability of magnetic particle loaded
polymer resin droplets in the magnetic field, an in-house developed experimental
system was utilized [9]. A computer control system programmed with a graphical user
interface was used to control the mechanical and electrical components of the system.
Conditions for the experiments were set using the graphical user interface. The
experimental system allowed adjusting the separation distance between alignment
magnets and the magnetization time. Droplets were deposited using a Ultimus V
deposition system (Nordson EFD, East Providence, RI, USA). Real time optical

microscopy was used as a tool to capture droplet behavior on the substrate.
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5.3.4 Magnetic particle aggregation control in photopolymers

To evaluate the behavior of magnetic particles dispersed in the UV curable
polymer, optical microscopy was utilized. The magnetic filler loading in the
formulations was maintained at 0.5 wt% to enable light optical microscopy. Particle
aggregation due to interparticle magnetic interactions, degree of particle alignment as
a function of resin viscosity and particle chain misorientations were captured and
understood in this analysis. Magnetic particles dispersed in a suspension aggregate due
to the magnetic forces that are a function of particle size and magnetization of the

particle [20]. Mathematically, the interaction between particles is expressed as follows:

Winag = woM?a® (5.9)

where Wag is the interaction energy between two magnetic particles, M is the particle
magnetization, a is the particle radius and po is the permeability of vacuum. To
understand the role of additives in controlling particle aggregation, a droplet of the
prepared suspension was dispensed within a nylon washer. The state of the particles
within the dispensed droplet was captured after 15 minutes using an optical

microscope.

5.3.5 Manufacturing scenarios for particle structuring, and influence of resin
viscosity on particle alignment

During the process of magnetic particle structuring applying an external
magnetic field, the dispersed magnetic particles experience forces that are a function
of several parameters, i.e., magnetic, gravity and viscous drag forces. The particle

motion is expressed mathematically as follow [21]—[23]:
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4 av, (5.10)
(gna3pp)d—tp =[En+Fa+F

where the individual force terms are expressed as indicated in the following equations:

4 1 5.11
Magnetic force: E, = yq (gncﬁ))(z V(H.H) (.11)
Viscous drag force: Fy = 6manV, (5.12)
. 4 .
Gravity forc: Fy = (gna ) (pp—p1)g (5.13)

In the above equations, H is the magnetic field, a is particle radius, y is magnetic
susceptibility, g is acceleration due to gravity, V), is the particle velocity, pp and p; are
the particle and fluid densities, # is the fluid viscosity respectively. The equations
enable understanding the mechanics of particle alignment where some of the most
important variables that can be manipulated are the magnetic field (H) and resin
viscosity (7). In previous work, the influence of a magnetic field and novel methods of
particle alignment were already investigated [9]. Simple design changes in the material
jetting equipment and alignment methodology were illustrated adopting two different
manufacturing scenarios. Note that in the original design of the 3D printer, the
deposition of the magnetic resin and particle alignment was coupled [11]. Moreover,
UV curable resin would cure at the nozzle tip hindering the deposition process. In the
present work, the need for de-coupling printing processes through simple component
design changes and manufacturing methodology is described. To understand the
influence of resin viscosity on particle alignment, a single layer of the designed sample
geometry (15 mm by 15 mm by 1 mm) was dispensed using the material jetting printer

and subsequently cured using UV light. The height of the magnetic alignment jig from
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the substrate was maintained at around 10 mm as further lowering the jig would
interfere with the substrate. Optical microscopy was used as a tool to investigate
aforementioned aspects of the experiments. Directionality analysis using Imagel
software (National Institute of Mental Health, Bethesda, Maryland, USA) was used to

quantify the degree of particle alignment in field structured composites [24].

5.3.6 Additive manufacturing of magnetic polymer composites and magnetic
characterization

To manufacture field structured magnetic composites, a material jetting 3D
printer was utilized to deposit the ferromagnetic resin on the substrate. An in-house
developed material jetting 3D printer controlled using the Labview programming
environment (National Instruments, Austin, TX, USA) was employed to deposit the
material to the designed geometry. Apart from the material jetting that is controlled in
3 axis (X,Y and Z axis of the printer), the alignment of the particle is additionally
controlled in the X-Y plane (2D alignment control using magnetic jig) resulting in a
complex 5D control of the whole manufacturing process. A graphical user interface
enabled controlling the different movements of the 3D printer. The sample geometry
(15 mm by 15 mm by 1 mm) was designed in SolidWorks (Dassault Systems, Vélizy-
Villacoublay, France), and the open source Sli3cr software was used to generate the
G-code for the nozzle deposition path [25]. The generated G-code was further modified
for proper positioning of the magnetic alignment jig above the deposited material and

subsequently curing every deposited layer.

The field structured magnetic composite was characterized for its magnetic

properties using a SQUID magnetometer (MPMS XL-7 Evercool, Quantum Design,
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San Diego, CA, USA) for its in-plane and out-of-plane magnetic characteristics, i.e.,
magnetic properties were measured along and perpendicular to the direction of particle
structuring. A small piece from a 3D printed part was first weighed, placed in a gelatin
capsule and further inserted into a transparent diamagnetic plastic straw. Measurements
were performed applying magnetization reversal loops in a magnetic field with strength
of noH = =7 Tesla at a temperature of 300 K. Saturation magnetization was determined
at an applied field strength of 7 T. Remanence and coercivity were obtained through
linear interpolation of magnetization at zero applied field and applied field at zero
magnetization. The magnetic properties were determined by averaging the values

obtained through both magnetization and de-magnetization cycles.

5.4 Results and discussion

5.4.1 Rheological behavior analysis of ferromagnetic polymers

Rheological properties of filler modified resin formulations have great
significance in extrusion based additive manufacturing process [26], [27]. In the present
rheological study, changes in material behaviour as a result of two different additive
loadings were investigated. Materials developed and utilized for additive
manufacturing processes are subjected to various types of shear rates and deformations
during storage and during the manufacturing process. The study of viscosity properties
at different shear rates provides useful information on the properties of the developed
formulations. It is well known that the rheological properties of the polymer
formulations are strongly dependent on the characteristics of the fillers, volume fraction
of fillers, dispersion quality, and network structure within the polymer [28], [29]. As
observed in Figure 5.2, apart from the base resin (pure PR-48) that exhibits Newtonian

behaviour (viscosity independent of shear rate), all other formulations exhibit non-
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Newtonian behaviour, which is confirmed by observing a decrease in viscosity with

increasing shear rates.
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Figure 5.2: Viscosity as a function of shear rate for material formulation listed in
Table 5.1.

First, adding strontium ferrite fillers to the base polymer increased the viscosity of the
suspensions rendering an initial non-Newtonian material behaviour. Additionally, an
increase in the low shear viscosity was observed in suspensions modified using the
rheological additive. It was observed that the additive loading significantly influenced
the magnitude of increase in low shear viscosity. Such observations where changes in
the mechanical behaviour are imposed on the resin system by introducing additives, are
deemed important for extrusion-based additive manufacturing processes [30]. The
additive BYK 7410ET is a polyurea based thixotropic additive material system. Such

material, when dispersed in a polymeric matrix, results in the formation of a gel
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structure by hydrogen bonding with the polar hydroxyl group of the resin binder [31].
The development of a structural network within the polymeric binder is supported by
the enhancement in low shear viscosity observed in Figure 5.2. With increasing shear
rate, the viscosity decreases due to the disruption of this structural network. Utilizing
Eq.5.5, the properties of the formulations like the power law index and viscosity were
derived to understand the influence of additive loading.

Table 5.2: Rheological properties derived using Eq.5.5.

Material code n — power law m - viscosity (Pa.s)
index
Base resin - -
10SF 0.95 0.50
10SF-0.5BYK 0.87 0.88
10SF-2.0BYK 0.61 3.23

As observed in Table 5.2, curve fitting using the power law model for all the
formulations except for the base resin confirms shear thinning or pseudoplastic material
behaviour. Additionally, it was observed that the additive loading significantly
influenced the degree of pseudoplasticity. The formulation with the lowest power law
index exhibited the highest material viscosity, which is advantageous for extrusion

based additive manufacturing.

Yield point or yield stress defined as the shear stress at zero shear rate derived
using Eq.5.7 are listed in Table 5.3. With Herschel-Bulkley indices being less than
unity, it is additionally confirmed that all suspensions exhibit pseudoplastic behaviour.
As far as the yield strengths of the suspensions are concerned, they were observed to
be dependant on additive loading. The additive was found to be particular efficient in

terms of yield strength enhancement as indicated by the results shown in Table 5.3. The
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enhancement in yield strength was caused by the thixotropic network structure as a
result of additive incorporation within the magnetic particle reinforced formulations.

Table 5.3: Yield stress predictions using Herschel-Bulkley model (Eq.5.7).

Material code Herschel-Bulkley model
7, (Pa) C (Pa.s) n
Base resin - - -
10SF 0.26 0.45 0.97
10SF-0.5BYK 0.65 0.59 0.93
10SF-2.0BYK 3.07 1.18 0.81

5.4.2 Thixotropic flow behavior analysis

In material jetting AM processes, the material experiences various forces at
different processing stages, i.e., forces are imposed on the material during handling,
pressure induced material dispensing, and magnetic field exposure during particle
structuring. Thixotropy analysis was further utilized to understand and determine the
viscosity recovery in the magnetic suspensions. Results of the step test consisting of
three intervals shown in Figure 5.3 indicate high initial suspension viscosity at y’=1 s
! followed by instantaneous viscosity reduction when the shear rate was increased to
y'=300 s, Finally, in the recovery phase when the shear rate was again reduced to
y=1s" the magnetic suspensions exhibited time-dependent viscosity recovery
behavior. The observed phenomena relate to the processes of structural decomposition
at high shear rates and structural regeneration at low shear rates that are mainly
controlled by the rheological additives. From this analysis, it is well understood that

the additive impart thixotropic properties to the magnetic suspension. Thixotropy

indices calculated using Eq.5.8 are listed in Table 5.4.
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Figure 5.3: Three interval thixotropy test for developed material formulations [1:
Low shear phase y'= 1 s!; 2: High shear phase y'= 300 s7; 3: Low shear phase

y=1 s']].

Table 5.4: Thixotropy index of developed magnetic suspensions

Material code Thixotropy index
10SF-0.5BYK 0.05
10SF-2.0BYK 0.32

The step test data indicates a strong influence of rheological additive content on
the magnitude of viscosity recovery. This type of structural decomposition and
regeneration is deemed to be one of the fundamental requirements for a material to be
considered for material jetting based additive manufacturing. Present results

corroborate findings in the technical literature [16].
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5.4.3 Magnetic particle reinforced resin behavior in magnetic field

In this study, the behavior of magnetically loaded polymer droplets was
evaluated as a function of time at a magnet separation distance of 30 mm where the
magnetic flux density at the center between two magnets is 0.10 Tesla. From particle
alignment experiments it was evident that the degree of particle alignment was higher
at a separation distance of 30 mm between the cube magnets [9]. However, it was
observed that droplets dispensed on the substrate deformed significantly under the
influence of the magnetic field. Experiments were conducted using the base resin
reinforced with just 10 wt% SrFeO particles to determine the time at which a droplet
loses its stability on the substrate. Deformation of magnetic particle reinforced polymer
droplets obtained from experiments conducted varying the time at a separation distance

of 30 mm are depicted in Figure5.4.

T=1s T=3s T=5s

Figure 5.4: Optical microscopy images of droplet deformation w.r.t. magnetization
time at separation distance of 30 mm.

The magnetic particle reinforced resins engineered with 10 wt% magnetic
particles loading and 0.5 wt% and 2 wt% of BYK 7410ET were tested for their stability
on the substrate. As observed in Figure 5.5, the resin engineered with higher additive
loading (2 wt%) was stable on the substrate in the presence of a magnetic field. This

observed behavior corresponds well with the rheological analysis results where the
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formulation engineered using 2 wt% of the additive exhibited enhanced low shear

viscosity, yield strength and thixotropic properties.
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Fi lgure 5 5: Droplet images show the influence of rheologzcal additive loadlng (A & C
— Droplet images before magnetic field application; B & D Droplet image after field
application).

5.4.4 Magnetic particle aggregation control in photopolymers

The present study also investigates the ability of magnetic particle reinforced
formulations to control particle aggregation due to interparticle interactions. To enable
optical microscopy, the magnetic filler loading was kept low at 0.5 wt%. Table 5.5 lists
the formulations prepared for evaluating the magnetic particle behaviour in the
prepared formulations.

Table 5.5: Suspensions prepared for optical microscopy analysis.

Sample Magnetic BYK 7410ET

identifier filler additive loading
A 0.5 0
B 0.5 0.5
C 0.5 1.0
D 0.5 2.0

First, the influence of additive loading toward mitigating particle aggregation was taken
into consideration. According to Eq.5.9, magnetic particles attract each other due to the
interaction energy and tend to form aggregates. The formation of aggregates is evident

in the micrographs shown in Figures 5.6A and B. Aggregation was observed to reduce
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with increasing additive content in the base resin. Even though the micrograph in
Figure 5.6B shows particle aggregation, randomized chaining of magnetic particles is
not as profound as the formulation without any additive (Figure 5.6A). Micrographs in
Figures 5.6C and D exhibit uniform particle dispersion as the viscous drag due to the
additive inhibits magnetic particle motion. This viscous drag is a result of thixotropic
network formation within the formulation. The plastic fluidity which is a result of
additive incorporation ensures good dispersion of the magnetic particles within the

developed photopolymer formulation.

Figure 5.6: Particle aggregation in photosensitive polymer formulations listed in
Table 5.5.
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5.4.5 Manufacturing scenarios and influence of resin viscosity on particle
alignment

To manufacture field structured magnetic composites, two different
manufacturing scenarios were tested. In scenario A represented in Figure 5.7A, the
permanent magnet alignment system is coupled along with the dispensing system. Once
dispensed, the curing source moves right ahead of the dispensed material and solidifies
the resin. In scenario B in Figure 5.7B, the alignment is coupled with the curing system.
All machine movements were accomplished programming appropriate G-codes with
the respective wait times prior to the curing process. From the micrograph shown in
Figure 5.8, it is understood that the alignment system coupled with the curing source
enhances particle structuring (A) whereas removing the field structuring setup during

the curing process (B) results in chain misalignment and a reconfigured microstructure.

Applied pressure Applied pressure H

Syringe barrel Syringe barrel
with with
ferromagnetic ferromagnetic
polymer polymer

[ | K=
S | = =
\—’ :

Permanent magnet ( Arrowhead denotes i Ferromagnetic polymer
North pole of magnet and tail denotes south) deposited on the substrate

Figure 5.7: Graphical representation of the adopted manufacturing scenarios.
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scenarios as indicated in Figure 5.7.

Furthermore, the influence of additives on the degree of particle alignment was
studied adopting scenario B as the machine setting and dispensing one single layer of
the designed sample geometry. The height of the magnetic alignment jig was
maintained at around 10 mm from the substrate. Maintaining this height required
increasing the time to allow particle chaining to occur prior to UV curing. The wait
time prior to curing was maintained at 60 seconds. Optical micrographs obtained for
samples manufactured using the formulations listed in Table 5.5 are shown in
Figure 5.9. Results from directionality analysis shown in Figure 5.10 indicate that
increasing the additive loading decreased the particle chaining effect. The count of
oriented structures, which enables quantification of filler directionality and the degree
of filler orientation, was observed to decrease with increasing additive content.
Furthermore, the observed behaviour emphasizes that magnetic field strength along
with resin viscosity are critical aspects for the manufacturing process especially

concerning the degree of particle alignment.
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Figure 5.9: Influence of additive loading on particle alignment.
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Figure 5.10: Particle alignment orientation obtained using image analysis.
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5.4.6 Additive manufacturing of field structured composites and magnetic
characterization

Magnetic field structured composites were printed using a formulation
engineered with 10 wt % magnetic filler and 0.5 wt% BYK 7410ET additive. The
extrusion pressure was set at 2.5 psi; layer thickness and deposition speed were 0.2 mm
and 10 mm/s, respectively. Printer settings were modified to position the magnetic
alignment jig and the curing source right above the deposited material. Such
modifications were done to fabricate composite samples with three print layers of the
deposited material. The time of magnetic field application and UV irradiation were
maintained at 60 seconds time and 20 seconds for every layer, respectively. As shown
in Figure 5.11, small deformations due to the magnetic field during the alignment

process prior to curing were observed.

Figure 5.11: 3D printed magnetic composite with observed deformation artefact due
to the magnetic field.

The observed deformations occurred due to a non-uniform magnetic flux
density within the magnetic jig, which was already reported in previous work [9]. The
field structured magnetic composite was tested for its magnetic properties along the

direction of field structuring (in-plane) and perpendicular to it (out of plane).
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Magnetic composites are characterized by properties like saturation
magnetization, magnetic remanence and coercivity. These magnetic characteristics are
derived from magnetization and de-magnetization loops obtained in the form of
hysteresis graphs. Figure 5.12A shows the hysteresis data obtained for a sample
characterized along and perpendicular to the direction of particle structuring. From the
magnified views expressed in Figures 5.12B, C and D, properties along the direction
of field structuring were observed to be higher compared to properties perpendicular to
it. Along the direction of field structuring, saturation magnetization was observed to
increase by 0.10 emu/g, magnetic remanence by 0.13 emu/g and coercivity by
0.55 KOe. The area enclosed by the hysteresis curve for measurements along the
direction of particle structuring was greater by 5.13% compared to the hysteresis curve
obtained for the direction perpendicular to the direction of field structuring. The
observed graphical patterns and results are congruent to observations in the technical
literature for magnetic composites with aligned magnetic fillers [21], [32]. This
enhancement further confirms the alignment of the easy axis of magnetization of
individual particles by orienting the fillers, resulting in chain like microstructures.
Overall, magnetic composite structures printed by orienting ferromagnetic particles
exhibit anisotropic magnetic properties due to particle assembly through the external
magnetic field, which has the potential unlock innovative approaches to build magnetic

structures for a multitude of applications.
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Figure 5.12: A: Hysteresis data for magnetization versus applied magnetic field; B, C
and D: Magnified views of hysteresis graph for saturation magnetization, magnetic
remanence, coercivity.

5.5 Conclusions

The present study expanded the understanding of formulation materials for
magnetic polymer composites in a multidisciplinary context. Rheology studies
enabling microstructure control, field structured composite manufacturing scenarios,
and magnetic characterization of field structured composites were successfully

performed. It was observed that the rheological additive materials enabled enhancing
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the low shear viscosity and yield strength through the formation of a thixotropic
network within the prepared formulations. Mathematical analysis of rheological data
enabled interpreting the formulation properties like flow index and yield strength. A
flow index of less than unity for all formulations provided strong evidence for
pseudoplastic material behaviour. Additionally, a step test consisting of three intervals
demonstrated the time dependent viscosity recovery in the magnetic suspensions. It
was observed that fluid properties like flow index, yield strength and thixotropy index
were dependent on the additive loading in the developed formulations. Experiments
conducted using a formulation engineered with BYK 7410ET additive revealed that at
the highest additive loading of 2 wt% the deposited resin material was stable on the
substrate in the presence of a magnetic field. However, optical microscopy at lower
magnetic filler loading revealed that an increase in additive loading, while suppressing
aggregation of magnetic particles, severely reduced the desired chaining effect in the
presence of an applied magnetic field due to enhanced viscous drag in the magnetic
formulations. Optical microscopy coupled with image processing enabled quantifying
the degree of particle orientation in the polymer formulations. These fundamental
studies were critical for providing the understanding of the role of material
formulations in achieving a variety of material and manufacturing process related goals
for the additive manufacturing process in order to create magnetic particle reinforced
composites. Composites characterized using SQUID magnetometry revealed an
enhancement in magnetic properties along the direction of particle structuring.
Compared to the out-of-plane magnetic characteristics, the in-plane magnetic

saturation, remanence and coercive fields were observed to be enhanced. Ultimately,

160



this research work provides the basis for devising robust material formulations and

manufacturing processes to effectively form magnetic polymer composites with

desired microstructure distribution during material jetting based additive

manufacturing.
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CHAPTER 6: DEVELOPMENT AND CHARACTERIZATION OF STABLE
POLYMER FORMULATIONS FOR MANUFACTURING MAGNETIC
COMPOSITES

6. Overview of Chapter 6

The present chapter describes the engineering of magnetic particle reinforced
formulations to fabricate permanent magnets suitable for electro-mechanical
applications. Materials are engineered primarily for material jetting based additive
manufacturing process. The overall goal is to utilize engineered material formulations
and evaluate how different process issues are tackled using engineered material

formulations. Technical contributions in this chapter include

e Characterization of basic and complex rheological properties of additive
modified and hybrid magnetic particle reinforced formulations

e Determination of properties like yield strength, storage and loss modulus of
formulation materials

e Magnetic characterization of magnetic composites and determine properties

like magnetic saturation, remanence and coercive field.

6.1 Introduction

Permanent magnets are used in a wide range of consumer and industrial
applications that involve the conversion of mechanical energy to electrical energy, and
vice versa. Permanent magnets find applications in areas like factory automation,
medical devices, household appliances, consumer electronics and automotive systems.
Permanent magnets are utilized in electro-mechanical devices such as microwave

generators, motors, dynamos, actuators, speakers and magnetic couplings [1,2]. Among
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many permanent magnet materials, alnico, ferrites, samarium cobalt, and neodymium
iron boron (Nd2Fe4B, abbreviated herein as NdFeB) are predominantly used in the
industry. The hard-magnetic properties of these materials make them attractive for
selective applications over other magnetic material options. A permanent magnet
where the magnetic powder is mixed with a polymeric binder is called a bonded
magnet. Commonly utilized magnetic powders include the aforementioned magnetic
materials and hybrid mixtures thereof. The binders include polyamide (PA),
polytetrafluoroethylene, epoxies, polyester and polyphenylene sulphide. Four
traditional processes utilized to manufacture bonded magnets are extrusion,
compression molding, injection molding and calendaring [3]. The properties of the
polymer bonded magnets depend on the type of magnetic filler used, the polymer
binder and the distribution of the filler [4].

Magnetic composites with magnetically hard and soft fillers find applications in
electrical machines due to their favorable mechanical, magnetic and physical
properties. Electric motors are devices utilized to convert electrical energy to
mechanical energy with high conversion efficiency [5]. One such application is a
flywheel energy storage system (FESS), which utilizes an electrical machine that
functions both as a motor and generator [6]. Edwards et al. developed fiber-reinforced
polymer composite laminates with both mechanical and magnetic functionality for use
in electromechanical applications [7]. Mechanically stiff magnetic composites with
high tensile elasticity and electrical resistivity were developed using bidisperse iron
particles for flywheel lift magnet applications [8]. With the motive of developing

anisotropic magnetic polymer composites with enhanced magnetic characteristics,
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particle structuring using uniaxial and biaxial fields has been adopted to fabricate
composites with chain and sheet like particle structures, respectively. To prevent the
sedimentation of magnetic particles during fabrication, a magnetic field supplied by
permanent magnets during the room temperature gelling of resin combined with a
multistage curing methodology was utilized [9].

Additive manufacturing (AM) is a rapid prototyping technique where parts are
constructed by adding materials in layers, where each layer of the part is a thin cross-
section derived from a computer-aided design (CAD) file. AM enables the production
of complex three-dimensional (3D) objects directly from CAD data without having to
consider tooling [10]. AM of magnetic components has been an extensive field of
research to develop components for the electrical and electronic industry. Researchers
have studied both metal and polymer-based AM systems to manufacture magnetic
functional materials. Mikler et al. demonstrated laser additive processing of three soft
magnetic alloys using direct energy deposition [11]. Nilsen et al. utilized powder bed
fusion to develop ferromagnetic nickel-manganese—gallium alloy and studied the
influence of process parameters using structured experimental design [12]. A
commercial multi-extruder 3D printer was utilized by Yan et al. for fabricating
magnetic components in an effort to simplify integration processes in power electronic
circuits [13]. The feasibility of AM processes to fabricate complex magnetic
components by printing a conductive winding along with a magnetic core has been
reported in the technical literature [14]. Additionally, improvements in magnetic
properties were reported by adjusting the feed paste formulation, its flow characteristics

and AM process parameters. Direct-write AM of NdFeB polymer bonded permanent
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magnets using epoxy as a binder was demonstrated by Compton et al. [15]. In other
research, big area additive manufacturing of isotropic NdFeB powder in PA binder
enabled the manufacturing of magnets with enhanced remanence and coercive field
compared to traditional injection-molded magnets [16]. Polymer bonded permanent
magnets with anisotropic properties were developed by applying an external magnetic
field with intensities varying from 5 kOe to 50 kOe using an electromagnet as a part of
the post printing process [17]. Methodologies to orient ferromagnetic particles at user
defined angles and the influence of external magnetic field strength on degree of
particle alignment at lower filler loadings for AM process have been reported in the
technical literature [18]. Magnetic products based on strontium ferrite (SrFei2019,
abbreviated herein as SrFeO) and NdFeB were fabricated using the extrusion of
developed strips and filaments using ethylene ethyl acrylate as a binder [19]. Stainless
steel microparticles in an acrylonitrile butadiene styrene polymer matrix were 3D
printed with the motive of utilizing the resulting parts in the application of passive
magnetic sensors and actuators [20]. Magnetic composites using a NdFeB/PA magnetic
filament were printed for the prototype of a rotary blood pump and successfully
integrated [21]. Research related to 3D printing polymer bonded magnets has mainly
been focused on thermoplastic polymers and enhancing magnetic filler loading and
efficiency. Thermoplastic filaments with engineered magnetic particle content for AM
have already been reported in the technical literature [20]. In contrast, developing a
methodology to engineer magnetic particle content in 3D printed thermoset composites
has received limited attention and is thus one of the many challenges addressed in the

present work.
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In this research, the authors develop and engineer magnetic pastes for in-situ
polymerization and material jetting-based AM processes. First, magnetic pastes were
engineered to prevent particle settling at room temperature and at elevated curing
temperatures. X-ray diffraction (XRD) analysis was utilized to validate the ability of
the material formulations to resist gravitational particle settling after the thermal curing
process. The rheological properties of the magnetic pastes with multi modal magnetic
particles and an additive material were characterized. These results were utilized to
elucidate the material behavior encountered in different stages of the manufacturing
process. Developed magnetic pastes were further used to print 3D magnetic structures
using an in-house developed material jetting 3D printer. Initial material deposition
trials were conducted to observe uncertainties and also tune the deposition parameters
for a stable deposition. Tailoring the paste rheology enabled the printing of magnetic
composites with engineered magnetic particle loading without significant deformation
after the curing process. The particle distribution in 3D-printed magnetic composites
was characterized using scanning electron microscopy (SEM). Magnetic
characterization of 3D-printed composites was conducted using a SQUID
(superconducting quantum interference device) magnetometer. The results from this
research enable an in-depth understanding of the role that engineered material
formulations play in overcoming several manufacturing process issues and demonstrate

the clear benefits of utilizing tailored rheology to one’s advantage.

6.2 Materials and methods
6.2.1 Material utilized
For this study, anisotropic NdFeB powder (type MQA-38-14) was purchased from

Magnequench Inc. (Singapore), and SrFeO powder was purchased from Dowa
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Electronics Materials Co. Ltd. (Tokyo, Japan). For the pre-polymer, a bisphenol A
based epoxy resin, EPON 826, with an aromatic amine curing agent, EPICURE W,
were used (Hexion Inc., Columbus, OH, USA). Disparlon 6900-20X obtained from
King Industries (Norwalk, CT, USA) was used as an anti-settling additive and shear
thinning agent. Table 6.1 lists the physical properties of the magnetic particles and the

epoxy resin.

Table 6.1: Physical properties of materials utilized (as obtained from

manufacturers).

Material Type Average Particle Size Density [g/cm’]

MQA-38-14 (NdFeB) 90 pm 7.51
SF-500 (SrFeO) 1.41 um 3.41
EPON 826 - 1.16

6.2.2 Scanning Electron Microscopy

The morphology of the magnetic particles and the magnetic particle-reinforced
composites was studied using a Zeiss Sigma 300 VP field-emission scanning electron
microscope (Oberkochen, Germany) equipped with secondary and backscattered
electron detectors. Prior to imaging, the composite samples were cut, polished, and
finally coated with carbon using a Leica EM SCDO005 evaporative carbon coater

(Wetzlar, Germany) to prevent the charging of the composite surface.

6.2.3 Preparation of magnetic paste formulations

The composite mixtures were prepared from epoxy resin, which in some cases
was modified with the rheological additive, and magnetic particles by mechanical

mixing using an impeller agitator from Calframo Ltd. (Georgian Bluffs, ON, Canada).
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The additive material was premixed with the epoxy resin to create a pre-polymer base
(additive modified epoxy is herein abbreviated as aZEPX where ‘Z’ indicates the
additive weight fraction). For rheological studies, the magnetic particles were then
added in increments to the pre-polymer base to meet the desired filler loading. For the
3D-printed and cured samples used in the magnetic characterization, the required
quantity of the curing agent was included in the amount of base pre-polymer when
determining the mass of magnetic filler to ensure the desired filler loading was
achieved. Acetone was used to aid in the dispersion process. The curing agent, when
needed, was added as the last component of the magnetic paste formulation. After
blending, the composite mixtures were degassed in vacuum to remove entrapped

volatiles.

6.2.4 Rheological characterization

The rheological behavior of magnetic paste formulations was assessed using an
Anton—Parr MCR 302 rheometer equipped with a 25 mm diameter parallel plate
geometry. Table 6.2 lists the material formulations that were characterized for their
rheological properties. For all the rheological tests, the magnetic filler loading in the
magnetic paste formulations was maintained at 50 wt%. Hy-EPX sample, which is a
hybrid formulation, containing 30 wt% of NdFeB and 20 wt% of SrFeO.

The viscosity of the magnetic pastes was monitored as a function of shear rate at
room temperature. A single rheological experiment was performed for each of the
materials listed in Table 6.2. The resulting flow curve data were constructive for
deriving a fundamental understanding of how rheological properties are influenced by

magnetic particle size and additive loading. The yield stress, defined as the shear stress
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at zero shear rate, was estimated by curve fitting of the Herschel-Bulkley model (as

shown in Eq.6.1) to flow curve data.

Table 6.2: Materials characterized for rheological properties.

Sample Name Material Type Magnetic Filler

Loading
EPX Pure epoxy -

NdFeB-EPX NdFeB + epoxy 50 wt%
SrFeO-EPX SrFeO + epoxy 50 wt%
Hy-EPX NdFeB + SrFeO + epoxy 50 wt%
NdFeB-aSEPX  NdFeB + epoxy modified with 5 wt% additive 50 wt%
NdFeB-al0OEPX NdFeB + epoxy modified with 10 wt% additive 50 wt%

T= 19+ Cy" (6.1)

Here, 7, is the yield stress, C is the consistency index, 7 is the shear stress, y is the
shear rate and n is the flow index. The value of the flow index enabled the classification
of material behavior as shear thinning (n < 1), shear thickening (n > 1), or Bingham
fluid (n = 1) [22]. The shear thinning index (STI)—the ratio of viscosity at two different
shear rates—was used to estimate the extent of non-Newtonian behavior exhibited by
the magnetic paste formulations [23]. Rheological analysis of magnetic pastes is
essential for understanding the paste behavior at different shear rates experienced by
the paste inside the cylinder barrel and nozzle for 3D printing processes [24]. Moreover,
to understand the influence of temperature on flow behavior, the viscosity of the

magnetic pastes was measured at different temperatures (i.e. 60, 80 and 100 °C) with
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increasing shear rates. The Arrhenius equation is widely used to describe the

relationship between viscosity and temperature, i.¢.,
n = A-efn/RT (6.2)

where £, is the flow activation energy, R is the ideal gas constant, 7 is the absolute
temperature, 4 is the regression coefficient and 7 is viscosity [25,26].

Oscillatory rheology measurements (e.g., frequency sweep tests at amplitude y =
1%) were also conducted on the magnetic pastes to determine the viscoelastic
properties, such as storage modulus (G’), loss modulus (G”) and damping factor (tan
0) of the samples. Studying the viscoelastic response of the samples provided the
opportunity of identifying whether the magnetic pastes exhibited liquid like or solid
like behavior, which enabled the evaluation of the effects of the particulate
microstructure in the pre-polymeric matrix. Frequency sweep tests have previously
been utilized to evaluate the material consistency at rest, storage stability,

sedimentation, synergies and phase separation of polymeric dispersions [22].

6.2.5 Particle settling evaluation in uncured and cured magnetic polymer
composites

The capability of the rheological additive to mitigate particle settling at room
temperature was assessed using simple sedimentation experiments, where particle
settling effects were captured using digital photographs. The magnetic paste
formulations listed in Table 6.2 were utilized for the experiments. The prepared pastes
were transferred into transparent glass beakers where settling assessment experiments
were conducted. To evaluate the capability of the material formulation to withstand
particle settling at elevated curing temperatures, a measured quantity of the magnetic

paste formulation was transferred to a small aluminum cuvette and subsequently cured
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in an oven at 80 °C for 4 hours. Additionally, particle settling was evaluated using XRD
tests. XRD measurements were performed using a Geigerflex 2173 diffractometer
(Rigaku Corporation, Tokyo, Japan) fitted with a Co-tube X-Ray source (A = 1.789 A;
38 kV and 38 mA) and a graphite monochromator to filter the Co K- wavelength. The
samples were scanned over 20, ranging from 30° to 90° at a rate of 2 °/min. Both the
top and bottom surface of the cured samples were analyzed. The cured samples were
also analyzed over their cross-section via SEM to corroborate findings derived from

XRD testing.

6.2.6 Additive manufacturing of magnetic polymer composites

A material jetting-based additive manufacturing technique was utilized to deposit
the magnetic pastes and fabricate the magnetic composites. For this purpose, an in-
house developed material jetting platform was equipped with a precision dispensing
system (Ultimus V, Nordson EFD, East Providence, RI, USA), controlled using the
Labview software environment [27] (National Instruments, Austin, TX, USA). A
graphical user interface enabled the adjusting of the dispensing pressure and deposition
speed. The open source software Sli3cr was used to generate the g-code for the tool
path based on given input parameters like layer thickness, extruded material width and
infill pattern [28]. Deposition trials were conducted to determine the feasible parameter
combinations prior to actual composite fabrication.

6.2.7 Magnetic characterization

The materials listed in Table 6.3 were mixed, 3D printed, cured and then used for
magnetic characterization. The target magnetic filler loading was 80 wt% for
NdFeB80-al0EPX-C, SrFeO80-al0EPX-C and Hy80-alOEPX-C, and 50 wt% for
NdFeB-alOEPX-C, with the base pre-polymer for all samples comprising 10 wt%
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rheological additive (‘C’ in the material identifier indicates cured epoxy pastes). Small
pieces from the 3Dprinted, not pre-magnetized samples were weighed and then placed
in gelatin capsules, which were themselves inserted into clear and diamagnetic plastic
straws. The magnetic properties of the polymer composites were measured using a
SQUID magnetometer (MPMS XL-7 Evercool, Quantum Design, San Diego, CA,
USA). Magnetization reversal loops were measured for each composite listed in
Table 6.3 in magnetic field strengths of poH = +7 Tesla at temperatures of 325, 350,
375 and 395 K. The saturation magnetization was determined at a field of 7 T. The
remanence and coercivity were quantified by the linear interpolation of the
magnetization at zero applied field, and the applied field at zero magnetization,
respectively. The magnetic parameters were determined by averaging the values for

both field sweep directions.

Table 6.3: Materials 3D printed and characterized for magnetic properties.

Material Number Material Type Magnetic Filler

Loading

NdFeB80-al0EPX-C NdFeB + epoxy modified with 10 80.2 wt%
wt% additive

SrFe080-al 0EPX-C SrFeO + epoxy modified with 10 80.1 wt%
wt% additive

Hy80-alOEPX-C NdFeB + SrFeO + epoxy modified 80.8 wt%

with 10 wt% additive
NdFeB-alOEPX-C NdFeB + epoxy modified with 10 50.1 wt%

wt% additive
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6.3 Results
6.3.1 SEM characterization of magnetic fillers

Figure 6.1 shows the morphological features of magnetic particles investigated
via SEM. The images of NdFeB and SrFeO particles indicate irregular morphology.
Even though particle size data was obtained from material data sheets, particles
dimensions were measured in the SEM images using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA) [29]. Particle linear dimensions ranging from
5 to 120 pum were observed for anisotropic NdFeB, and 0.5 to 5 um for anisotropic
SrFeO, indicating a wide particle size distribution of the magnetic fillers. It is assumed
that smaller particles enabled the enhancing of the loading fraction by filling in gaps

between larger particles.

10pm Mag= 430X EHT = 20.00 kv 2pm Mag= 452KX  EHT =2000kV
WD=100mm  Signal A= SE1 WD=106mm  Signal A= SE1

Figure 6.1: SEM images of magnetic particles: (A) NdFeB and (B) SrFeO.

6.3.2 Viscosity and flow curve analysis

Rheological properties of magnetic pastes play a significant role in controlling and
optimizing the manufacturing process conditions. The rheological behavior of complex
material systems depends on a multitude of parameters, including particle size, shape,

filler volume fraction, inter-particle and filler-matrix interactions [30]. The rheological
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properties of the samples under rotational and oscillatory flow fields were analyzed to
study the effects of particle size and rheological additive on flow behavior and network
structure of the magnetic pastes.

Apart from the pure epoxy that exhibits a Newtonian flow behavior (shear rate
independent), all magnetic pastes exhibit non-Newtonian behavior, which can be
identified by a decrease in the viscosity of the magnetic pastes with increasing shear
rate (see Figure 6.2). Utilizing Eq.6.1, the rheological properties of the magnetic pastes
(i.e., yield strength, flow index and consistency index, listed in Table 6.4) were derived
in order to investigate the influence of the constituent materials utilized to formulate
the magnetic pastes. In general, for all the magnetic paste formulations, the flow index,
which represents the degree of pseudo-plasticity, was found to be less than unity (i.e.,
n < 1), indicating shear thinning behavior. Additionally, STI values greater than unity
confirm pseudo-plastic behavior, and the magnitude of the STI values for all the
magnetic pastes enabled us to understand the extent of pseudo-plasticity within the
probed range of shear rate window. It was observed that fine SrFeO particles and
rheological additives significantly enhanced the yield strength of the magnetic paste
formulations. To elaborate on this observation, NdFeB-EPX sample, compared to
SrFeO-EPX sample, exhibits lower viscosity at low shear rates (see Figure 6.2), which
is attributed to the higher surface area to volume ratio of SrFeO as compared to NdFeB.
Hence, for the same filler loading in the magnetic pastes, SrFeO particles feature a
considerably greater surface area compared to NdFeB. The effect of fine SrFeO
particles is clearly observed in the yield strength of the magnetic pastes, which is 30

times higher than that of samples containing NdFeB particles. The hybrid magnetic
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paste (Hy-EPX) exhibited significant enhancement in low-shear viscosity and yield
strength compared to NdFeB-EPX sample. Again, this enhancement is attributed
primarily to the presence of fine SrFeO particles. A decrease in flow index for materials
SrFeO-EPX and Hy-EPX compared to NdFeB-EPX is congruent to findings in the
technical literature, where a reduction in flow index was observed with decreasing
particle size [26].

Referring to Figure 6.2 and Table 6.4, comparing sample NdFeB-EPX with
NdFeB-aSEPX and NdFeB-alOEPX reveals that the addition of the rheological
additive (Disparlon 6900-20X) significantly increased the low shear viscosity and yield

strength of the magnetic pastes.

10* 3
3 — .. EPX — — NdFeB-EPX
--------- SrFeO-EPX - .= Hy-EPX
----- NdFeB-a5EPX —— NdFeB-al0EPX

Viscosity (Pa.s)

100 T T
101 10° 10! 102
Shear rate (s?)

Figure 6.2: Viscosity as a function of shear rate for the magnetic pastes as
listed in Table 6.2

This rheological additive is known to create a 3D network through hydrogen bonding

with epoxy pre-polymer chains resulting in a gel-like structure. Epoxy resins containing
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the rheological additive exhibit shear thinning behavior through the disruption of the
network structure, while the formation of hydrogen bonds imparts thixotropic
properties, enabling time-dependent changes in viscosity [31]. Comparing flow
behavior of samples NdFeB-a5EPX and NdFeB-al0EPX, it can be concluded that an
increase in rheological additive content fostered strong shear thinning behavior, which
is supported by a low flow index value. Overall, the addition of fine SrFeO particles
and the rheological additive raised the yield strength compared to samples containing
only NdFeB particles, which is highly desirable for the considered 3D printing

Processes.

Table 6.4: Derived rheological properties of the magnetic pastes as listed in

Table 6.2
Material Yield Flow Consistency STI
Number Strength [Pa] Index-n Index-C
EPX - - - 1
NdFeB-EPX 7.87 0.96 17.02 3
SrFeO-EPX 235.16 0.82 43.48 30
Hy-EPX 67.77 0.84 36.92 10
NdFeB-a5SEPX 159.40 0.49 63.24 26
NdFeB-alOEPX 232.66 0.19 302.37 46

6.3.3 Influence of temperature on viscosity

The temperature dependence of viscosity must be carefully considered to control
particle settling at elevated curing temperature in in-situ polymerization and to ensure
geometric stability in material jetting processes. As is observed in Figure 6.3A, the

viscosity of all the magnetic paste formulations decreased with increasing temperature.
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It is clearly observed that rheological additives in samples NdFeB-aSEPX and NdFeB-
alOEPX enabled maintaining higher shear viscosity up to 100 °C compared to
formulations without an additive. The observed material behavior is consistent with the
Arrhenius law presented in Eq.6.2 where viscosity has a negative correlation with
temperature. Modifying Eq.6.2, it can be shown that In(#) has a linear relationship with
1/T. For example, the magnetic pastes containing NdFeB (samples NdFeB-EPX, Hy-
EPX and NdFeB-al0EPX) exhibit such a linear relation with good agreement, as
indicated by Figure 6.3B. It can be observed that the rate of viscosity decrease is
substantially lower for the formulation engineered with the rheological additive
(NdFeB-alOEPX) as compared to the other NdFeB composites (NdFeB-EPX and Hy-
EPX), confirming that formulations engineered with the rheological additive are less
susceptible to temperature changes. Furthermore, the activation energy was calculated
from the slope of In (#)—(1/7) curves with the known R value according to Eq.6.2. The
activation energies (£,) obtained for NdFeB-EPX, Hy-EPX and NdFeB-alOEPX are
72.2 kJ/mol, 54.9 kJ/mol and 34.9 kJ/mol, respectively. It is observed that the
formulation engineered with rheological additive (NdFeB-al0EPX) exhibited a lower
activation energy compared to the formulation without additive (NdFeB-EPX).
Activation energy is an indicator used to characterize the thermal susceptibility of
materials. Materials with low activation energy were observed to be less susceptible to
temperature changes [26,32]. Additionally, the chosen rheological additive (Disparlon
6900-20x) is PA based with a high melting point, which extends its activity to high

temperature ranges [33].
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Figure 6.3: (A) Viscosity as a function of temperature at shear rate of 1 s~ for
magnetic paste materials listed in Table 6.2. (B) Viscosity—temperature data linear
curve fitting with linearized Arrhenius equation (Eq.6.2) for NdFeB based magnetic

paste materials NdFeB-EPX, Hy-EPX and NdFeB-alOEPX (as per Table 6.2).

6.3.4 Oscillatory rheology analysis of magnetic paste formulations

Oscillatory frequency sweeps have been widely used to characterize pre-polymer

filled samples (polymer composites, polymer solutions, etc.) [34,35]. Information

about a sample’s rigidity and network structure can be obtained by studying

viscoelastic parameters, such as the storage modulus (G’), loss modulus (G’’) and

damping factor (tan J) [36]. The storage and loss moduli are indicative of the energy

that is stored and dissipated in the material, respectively. In the present study, the

viscoelastic characteristics of the pastes were probed using frequency sweep tests

conducted over an angular frequency (@) ranging from 0.1 to 100 rad/s at a constant

shear strain yo = 1%. Figure 6.4 A, B depict the frequency dependence of G° and G’

on o, respectively. For samples NdFeB-EPX, SrFeO-EPX and Hy-EPX, the loss

modulus was greater than the storage modulus (G”’ > G”) for the entire range of probed

frequencies, which indicates that the viscous character is dominant.
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Figure 6.4: (A) Storage modulus G’ and (B) loss modulus G’ as a function
of angular frequency for magnetic paste materials listed in Table 6.2.

For samples NdFeB-aSEPX and NdFeB-alOEPX, which contain the rheological
additive, the opposite behavior was observed, i.e., the storage modulus was higher than
the loss modulus (G” > G’), signaling a solid-like behavior. This change in the material
behavior is imparted by the rheological additive due to the formation of a gel character
via hydrogen bonding. Moreover, it is observed that the gradient in modulus curves
over the frequency range for magnetic pastes with the rheological additive is
considerably less than for the pastes without additive. At higher frequencies, the
material response time is considerably lower that has resulted in higher storage and loss
modulus values. This characteristic indicates reduced material flowability, which
further corroborates the existence of gel-like behavior in pastes containing the
rheological additive. Given the observations made for the storage and loss moduli, the
ratio of loss modulus to storage modulus (tan 0 = G’’/G’) is less than unity for magnetic
paste formulations containing the rheological additive (NdFeB-a5SEPX and NdFeB-

alOEPX) whereas tan 6 > 1 for the other paste formulations. As such, the findings are
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congruent with the notion that higher tan ¢ values are indicative of greater energy
dissipation, as in the case of the magnetic paste formulations without rheological
additive. Hence, oscillatory and rotational rheometry confirm that the used additive

confers the vital prerequisites for 3D-printing of the magnetic pastes.

6.3.5 Particle settling at stationary conditions

Magnetic particle settling in pre-polymers is primarily due to gravity and affects
the stability of the paste formulation. In the case of material jetting processes, where
paste deposition through a nozzle is driven by pressure, additional inertia is exerted on
particles, typically in the downward direction, which may further intensify particles’
settling effects. Moreover, particle settling may lead to the clogging of the nozzle and
thus create a disruption in the manufacturing process. In this study, the means to
address particle settling was adding the rheological additive to the magnetic paste
formulations. Figure 6.5 shows the ability of the rheological additive to mitigate
gravitational particle settling. Eight hours after filling the beaker, filler sedimentation
and a clear supernatant is visible for material NdFeB-EPX, while NdFeB-aSEPX and
NdFeB-alOEPX are still uniformly mixed, exhibiting an anti-settling characteristic.
The rheological tests indicated that the additive causes a gelling effect in the magnetic
paste formulations, presumably due to the development of a thixotropic network
structure. Hence, the rheological additive, providing high viscosity at low shear rates,
high yield strength, and a greater storage modulus, effectively mitigated particle

settling and promoted a stable paste formulation in stationary conditions.
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Figure 6.5: Photograph of clear supernatant in material NdFeB-EPX, while NdFeB-
aSEPX and NdFeB-al0EPX exhibit an anti-settling characteristic

6.3.6 Particle settling in cured magnetic polymer composites—in-situ
polymerization

Magnetic particle settling during the thermal curing process was investigated in
samples manufactured using in situ polymerization, where the magnetic paste was
transferred to a cuvette and cured at 80 °C. Paste formulations NdFeB-aSEPX and
NdFeB-al0EPX were utilized in this set of experiments. The top and bottom surfaces
of the cured samples were examined via XRD (see Figure 6.6). Strong XRD peaks of
crystalline NdFeB were obtained from the bottom surfaces of the samples fabricated
using both NdFeB-aSEPX and NdFeB-alOEPX, suggesting the presence of near-

surface NdFeB particles (Figure 6.6 B).
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Figure 6.6: XRD diffractograms from (A) top surface (B) bottom surface of
cured materials NdFeB-a5SEPX and NdFeB-al 0EPX (as per Table 6.2).

Similarly, the top surface of the sample fabricated from NdFeB-al0EPX also exhibited
strong crystalline peaks (Figure 6.6 A). In contrast, the amorphous polymer peak
dominants for the top surface of the NdFeB-aSEPX sample with other peaks having
markedly reduced intensity, which suggests that near-surface NdFeB particles are
largely absent due to settling. The XRD results thus reflect the effectiveness of the
rheological additive to mitigate particle settling during the thermal curing process.

Cross-sections of the cured samples were further studied via SEM to validate the
suppositions derived from the XRD study. In Figure 6.7, the sample fabricated using
material NdFeB-aSEPX features a polymer-rich layer devoid of particles with an
approximate thickness of 200 pm; in the sample made from NdFeB-al0EPX, particles
are visible at and near the sample surface. It thus appears that some particle settling
occurred in the material NdFeB-aSEPX sample, causing the observed suppression of

XRD peaks
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Figure 6.7: SEM cross-section images illustrating reduced particle settling in a
sample of cured material NdFeB-al0EPX (right) compared to NdFeB-a5EPX (left)
(as per Table 6.2). The top of the micrographs corresponds to the sample’s upper
surface. Some entrapped air bubbles are visible as well

6.4 Additive manufacturing and characterization of magnetic composites
6.4.1 Geometric stability observations in 3d printed magnetic composites

One of the fundamental goals of this work was to print magnetic composites
using engineered paste formulations containing magnetic particles. Magnetically
loaded polymer composites were thus fabricated from the developed paste formulations
using an in-house developed material jetting 3D printer. For composites with 80 wt %
magnetic particles, the epoxy resin with the additive was prepared as a premix where
the base resin was additive mixed epoxy to which the magnetic fillers were added. It
was additionally observed that for composite with 50wt% magnetic particles, both
additive mixed epoxy as the resin base and additive mixed based on total formulation
weight were observed to work effectively. Prior to 3D printing, trials were conducted
to determine the apt printing parameters, including deposition pressure, layer thickness
and deposition speed. The utilized layer thickness setting varied between 0.5 and
1.2 mm and the adopted printing speed range was between 5 and 10 mm/s. The

deposition pressure for printing composites was observed to depend on the printed
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magnetic pastes. The formulations containing SrFeO demanded high deposition
pressures, ranging from 137 to 275 kPa; for the NdFeB formulations, the required
deposition pressures were between 21 and 103 kPa. In some cases, it was required to
adjust the deposition pressure and layer thickness settlings during part fabrication, as
adopting the same parameters for multilayer structures resulted in gaps between the

deposited layers and discontinuous prints.

Figure 6.8: Initial deposition trials conducted to evaluate process parameters
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15 mm

Figure 6.9: Observed gaps and discontinuities in material deposition during material
jetting process

The observed deposition deficiencies in terms of gaps and discontinuous material
flow are primarily due to non-uniform filling of prepolymer in the resin barrel,
high prepolymer viscosity, uneven surface of the substrate material, and air
entrapments in the prepolymer due to the mixing process. Additionally, laser
confocal microscopy was used as tool to observe the profile shapes of material

deposits and also evaluate the surface roughness in the manufactured composites
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Figure 6.10: Laser confocal microscopy images of manufactured composites.

The surface roughness (R. values) of the composites manufactured using
NdFeB-EPX, SrFeo-EPX, Hybrid-EPX and NdFeB-50-EPX were observed to be 5.51,
3.41, 4.05 and 3.49 um, respectively. Initially, samples were manufactured using
materials NdFeB-EPX, NdFeB-aSEPX and NdFeB-alOEPX. Figure 6.11 shows the
final shapes of the 3D-printed magnetic composites after thermal curing. It can be
observed that only the paste formulations engineered using the rheological additive
(NdFeB-aSEPX and NdFeB-alOEPX) retained the printed shape adequately. From
rheological measurements, the formulation without the rheological additive (NdFeB-

EPX) had low yield strength and exhibited viscoelastic fluid behavior, in contrast to
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materials NdFeB-aSEPX and NdFeB-alOEPX. The ability of the rheologically
modified resin to maintain a comparatively high viscosity over a broad temperature

range, especially at curing temperatures, enabled the materials to maintain the printed

geometry.

1O Y
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Figure 6.11: Geometry of 3D-printed composites (30 mm by 30 mm CAD
dimensions) after thermal curing for paste formulations NdFeB-EPX,
NdFeB-a5EPX and NdFeB-al0EPX (as per Table 6.2).

6.4.2 SEM and magnetic characterization of 3d printed composite magnets

Using SEM and the SQUID magnetometer, composites printed using the material
jetting process were characterized for their microstructure and magnetic properties
(e.g., saturation magnetization, remanence and coercivity), respectively. Note that even
though the deformation of the deposited pastes was adequately controlled using 5 wt%
rheological additive, 10 wt% additive was employed for the analyses, as this additive
loading was more effective in controlling particle settling. The SEM images from the
(cut and polished) surface of the printed magnetic composites exhibit a homogenous

microstructure with well distributed particles, as seen in Figure 6.12. The presence of
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resin-rich regions in sample NdFeB80-al0EPX-C (80.2 wt% NdFeB) is an indication

that the magnetic filler loading can be further enhanced to fill gaps between particles.

Hy80-al0EPX-C [

Figure 6.12: SEM images of magnetic composites listed in Table 6.3

Some porosity is also observed in the composites. The presence of porosities
indicates an opportunity to improve mixing and degassing processes. Less porosity
could be observed for composite SrFeO80-al0EPX-C, which features the smaller
SrFeO particles. Material Hy80-al0EPX-C, which is a mixture of 60.1 wt% NdFeB
and 20.7 wt% SrFeO, indicates good distribution of smaller and larger particles in the
composite. Material NdFeB-alOEPX-C, which has the lower NdFeB filler loading of
50 wt%, exhibits good distribution of magnetic particles; no signs of particle

agglomeration are observed. Utilizing the ImagelJ software, the sizes of the NdFeB and
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SrFeO particles were derived from SEM images of composite samples. The measured
linear dimensions of particles, expressed in the histograms in Figure 6.13, indicate a

wide particle size distribution, as indicated by the powder manufacturers.

Number of Particles
N
Number of Particles

10 20 30 40 50 60 70 80 90 100 110 120 130 05 1 15 2 25 3 35 4 45 5
Upper Limit Particle Size (um) Upper Limit Particle Size (um)

Figure 6.13: Size distribution of (A) NdFeB and (B) SrFeO particles in manufactured
magnetic composites obtained from SEM micrographs.

Permanent magnets are characterized by remanence and coercivity, i.e., their
ability to supply sufficient magnetic flux, and withstand demagnetization, respectively.
High values of remanence and coercivity indicate strong magnetic performance.
Figure 6.14 shows the hysteresis data obtained for the powder and magnetic composite
samples fabricated in this research. Obtained hysteresis loops were observed to be
similar to the ones reported in technical literature for isotropic bonded magnets [15,37].

Figures 6.15 and 6.16 show, respectively, the saturation magnetization (M),
remanence (M;) and coercive field (Hc) extracted from hysteresis loops at temperatures
between 300 and 400 K for the composite samples and powders. In these figures, the

extracted data from the hysteresis loops are depicted with best linear fits to ease
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understanding the overall influence of temperature on magnetic properties. The errors
are estimated to be =5 emu/g for remanence and saturation magnetization and 0.1 kOe
for the coercive field for all samples. The values of magnetic saturation for all the
composite samples match within the error band of the loading-adjusted powder
saturation magnetization, which indicates that the saturation magnetization is not
influenced by the composite fabrication process. Remanence for samples containing
NdFeB (NdFeB80-al0EPX-C, Hy80-al0EPX-C and NdFeB-alOEPX-C) behaves
similarly and follows the loading adjusted powder remanence. The composite
containing only the SrFeO filler (SrFeO80-al0EPX-C), however, exhibited a decrease
in remanence that exceeds the expected decrease due to the loading factor. It is thus
deduced that magnetic properties not only depend on the magnetic characteristics of
the powder but are also a function of filler distribution and dispersion within the epoxy
polymer. In general, the measured values of remanence are comparable with the values
reported in the technical literature for NdFeB- and SrFeO-bonded magnets [19].

The remanence to saturation ratio, which determines the degree of anisotropy,
varies between 0.35 and 0.59 for all samples in the studied temperature range. Note
that a remanence to saturation ratio greater than 0.5 indicates the transition in magnetic
properties from isotropic to anisotropic [37]. It is unclear whether ratios greater than
0.5, as observed herein, are caused by interparticle interactions. In terms of
temperature, an increase resulted in reductions in saturation, remanence and coercivity
(see Figures 6.14-6.16). Within the given error band, composites and powders
exhibited similar temperature dependencies. Note that a reduction in Ms, M; and H.

with increasing temperature is commonly observed in magnetic materials. Notably,
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material StFeO80-al0EPX-C was the most stable of the magnetic composites over the
temperature range, which is consistent with the properties of the powder. It was
observed that material NdFeB80-al0EPX-C exhibited a stronger dependence on
temperature with respect to magnetic saturation and remanence compared to all other
materials. It is noted from the technical literature that the NdFeB phase undergoes spin
reorientations due to the temperature dependence of anisotropy [38]. In general,
magnetic filler loading is observed to influence the coercive field. Material NdFeB-
alOEPX-C (50.1 wt% magnetic filler) exhibited lower coercivity compared to

NdFeB80-al0EPX-C (80.2 wt% magnetic filler).
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Figure 6.14: Hysteresis data for magnetization versus applied magnetic field, for (4)
NdFeB powder, (B) SrFeO powder, cured materials: (C) NdFeB80-alOEPX-C, (D)
SrFe080-al0EPX-C, (E) Hy80-al0EPX-C and (F) NdFeB-al0EPX-C (as per
Table 6.3).

195



150 150

, NdFeB powder © SrFeO powder
........................... Mo © NdFeB80-al0EPX-C X SrFe080-al0EPX-C
_ 4T e X
-';’,3 120 4 120 A O Hy80-al0EPX-C NdFeB-al0EPX-C
I R RCAREEEEEEE RCaRE LR 's)
2 _
§ ..o 3
% 90 B 7 Sl G--ees o| E
2 kA 1
s T = TTTTTAETTEmmmem— e )
4 9 - g
— 1 - - o
@ 60 A Oy | @
& ¥ommm - 5
] - R —_—
s Homm- e
30 A NdFeB powder ¢  SrFeO powder
g O NdFeB80-al0OEPX-C X SrFe080-al0EPX-C
: O Hy80-al0EPX-C NdFeB-al0EPX-C
0 T T T T T — T

300 320 340 360 380 400
Temperature (K) Temperature (K)

Figure 6.15: (A) Saturation magnetization and (B) remanence of magnetic fillers and
3D-printed magnetic composites (as per Table 6.3).
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Figure 6.16: Coercive field of magnetic fillers and 3D-printed magnetic
composites (as per Table 6.3).
Overall, the latter magnetic composite (NdFeB80-al0EPX-C) exhibited the best
magnetic characteristics among the tested material formulations. Notably, the coercive

field of NdFeB80-al0EPX-C at room temperature exceeds the properties of injection

molded magnets from the same powder as mentioned in technical data sheets. No
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benefits in terms of Ms and M; could be ascertained by mixing SrFeO with NdFeB
powders (Hy80-al0EPX-C), as this material behaved as expected from a simple mass
weighted addition of constituents’ properties. This extends to the behavior for H,
where the addition of SrFeO did not achieve an increase at high temperatures. These

findings are consistent with other research [39].

6.5 Conclusions

In this study, stable magnetic powder-based material formulations were developed
and tested that can be utilized for in situ polymerization and material jetting-based
additive manufacturing processes. It was observed that the addition of a rheological
additive into epoxy enhanced the desired rheological properties, i.e., viscosity at low
shear rates, yield strength, degree of shear thinning and storage modulus of the
magnetic paste formulation. A transition in the material behavior from viscoelastic
fluid to viscoelastic solid was observed in formulations that contained the rheological
additive. The material modified with fine strontium ferrite particles, while having
favorable rheological properties, exhibited undesirable viscoelastic fluid behavior. All
the magnetic paste formulations experienced reductions in viscosity with an increase
in temperature, yet the formulation modified with the highest amount of rheological
additive resulted in a viscosity for low shear rates at the epoxy curing temperature that
was over 500 times greater in magnitude compared to the comparable paste without
additive. The ability of the material to maintain high viscosity at low shear rates at
curing temperatures enabled the control of particle settling, which was validated using
XRD and SEM analyses. A rheological additive loading of 10 wt% was observed to be
efficient in controlling magnetic particle settling. The developed material formulation

enabled the printing of magnetic composites with a filler loading of 50 wt% and 80
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wt% using a material jetting based 3D printer. It was observed that the formulations
engineered with the additive maintained the printed shape, whereas significant material
deformation was observed in unmodified resins. SEM images indicated good
distribution and dispersion of magnetic particles within the composite. Magnetic
characterization enabled understanding that the resultant magnetic properties are highly
dependent on the magnetic powder characteristics, filler loading and the distribution of
magnetic particle within the composite. Coercivity was observed to notably decrease
with increasing temperature, whereas only a moderate decrease was observed in
magnetic remanence. Even through the addition of strontium ferrite enhanced certain
rheological characteristics, the magnetic performance was found to be inferior. Overall,
this fundamental work yielded thermally stable magnetic material formulations, which
enabled the solving of fundamental material and process issues related to additive
manufacturing. Future work will include utilizing the developed material formulations
to print magnetic composites and characterize cure and mechanical (elastic, fracture)
behavior. Additionally, blending processes shall be optimized to reduce porosity and

further engineer formulations to reach higher magnetic filler loadings.
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CHAPTER 7: OTHER EXPERIMENT TRIALS AND ASSOCIATED RESULTS

7. Overview of Chapter 7

This chapter is dedicated to present the results of experimental trails conducted as
a part of this research work. Some of the results expressed in this section will be utilized
as base results for future work. The results comprise of a collection of magnetic
composites fabricated using epoxy resins and UV curable acrylate formulations. The

following aspects are discussed in this section

e Fabrication of milled glass fiber reinforced magnetic composites and

composites with plate like magnetic particles using material jetting process

e Development of dual cure (UV/thermal) acrylate resin to print permanent

magnets using in-situ polymerization and material jetting

e Processing and analysis of magnetic composites developed using in-situ

polymerization in the presence of magnetic fields

7.1 Milled glass fiber reinforced magnetic composite using material jetting

Manufacturing fiber reinforced magnetic composites using approaches like
filament winding and simple layup techniques has been reported in technical literature.
Composite structures were developed with tunable mechanical and magnetic properties
using traditional approaches [1] [2]. In this section, magnetic composites reinforced
with milled glass fibers are manufactured using the material jetting process. The
magnetic material formulation was prepared using epoxy resin (Epon 826) reinforced
with Swt % of Disparlon 6900-20X and 5 wt% of the milled glass fiber. The

formulation was prepared with 70wt% Anisotropic MQA powder. Scanning electronn
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microscopy (SEM) analysis conducted on printed samples enabled finding out
alignment of milled glass fibers in printed composites. Figure 7.1 shows SEM images
of sample surface in two different magnifications obtained after cutting, grinding and

polishing the 3D printed samples.

Figure 7.1: SEM images of milled glass fiber reinforced composite (Marked regions
exhibit fiber alignment)

7.2 Additive manufacturing of isotropic NdFeB magnetic composites using
material jetting

This section deals with the fabrication of plate like isotropic NdFeB particles using
material jetting process. Isotropic NdFeB magnetic powder MQP-B2 (Magnequench
Inc) was used as the magnetic material. Epon 826, Epicure W and Disparlon 6900-20X
were used as the resin, curing agent and the rheological additive. The average particle
size as indicated by the manufacturer is around 200 pm. SEM analysis was used to
identify the characteristics of the magnetic particles. As observed in Figure 7.2, the

particles exhibit plate like morphology.
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Figure 7.2: SEM images of isotropic NdFeB particles (MOP-B2)

For fabricating magnetic composites, the epoxy resin was blended with 10wt% of
Disparlon 6900-20X additive to provide the required shear thinning behavior and
additional properties to retain the shape of the deposited material. The magnetic particle
loading was maintained at 80 wt%. Cured magnetic polymer composites were cut and

polished for SEM observations.
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Figure 7.3: SEM observation of isotropic NdFeB composite shown at two different
magnifications

In the SEM images, apart from the magnetic particles many pores and empty spaces
were observed. The pores are due to the additives which made the degassing step
extremely difficult. Such bubbles left over after the degassing process created
significant porosities in the manufactured composites. Empty spaces or resin rich
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spaces are an indication that the composite can still accommodate magnetic particles.
Magnetic particles in the composite exhibit a very unique distribution pattern in the
SEM images and at this stage one of the fundamental reasons is the shear induced
alignment during the extrusion process. Magnetic characterization was conducted using
a SQUID magnetometer to understand the magnetic characteristics of the fabricated
composite. Characteristics of a permanent magnet like saturation magnetization,

remanence and coercive field were derived from the hysteresis graph shown in

Figure 7.4.
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Figure 7.4: Hysteresis data for magnetization versus applied magnetic field for
composites containing plate like isotropic NdFeB particles

206



120 10

A Magnetic saturation ] CoercweFleld
) Magnetic Remanence *
100 i 8 ] *
I, ]
2 3 ¢
< % A 2 *
E A A A 5 6 A .
a 3
g €0 %
by g 4]
- 1) 4
@ 40 o
E, o ® ® ° o
s 2 ]
20 1
o +—r—/mm—r—7r"—"—"T"""T"T"— 0O+
300 325 350 375 400 300 325 350 375 400
Temperature (K) Temperature (K)

Figure 7.5: Magnetic saturation, Remanence and coercive field derived from
hysteresis loops

Remanence to saturation ratio was observed to be around 0.5 indicating isotropic
magnetic properties of the composite. The observed results corroborate with the
observations in Chapter 6 where a reduction in magnetic properties was observed with

increasing temperature.

7.3 Development of dual cure acrylate resin to print permanent magnets and
magnetic composites

UV curable resin formulations require UV light for the reaction initiation step. It
is only during UV irradiation, free radicals are generated which enable reaction
propagation and crosslinking of the monomers. One of the challenges with magnetic
particle reinforced UV curable polymers is to achieve complete cure of the deposited
material on the substrate. The opaque nature of the magnetic particle reinforced UV
curable resin results in solidifying only the topmost surface of the deposited layer and
leaving the underlying material in its uncured state. This observation enabled to
develop a formulation with the capability to cure under the influence of both UV light
and heat. The dual cure reaction in the resin formulation was introduced by adding a
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thermal initiator 2,2-Azobis(2-methylpropionitrile) [4]. The initiator is known as AIBN
and was purchased from Thermofischer scientific. A loading fraction of 0.1 wt% was
observed to be suitable for the clear PR-48 resin. The same loading was observed to be
inefficient for the formulation additionally reinforced with additives and 80wt % of
magnetic filler. As an initial trial attempt, 0.4wt% of AIBN was incorporated to
Anisotropic MQA powder formulation containing 80 wt % of the magnetic filler. In-
situ polymerization was adopted for the initial trial. The curing time was observed to
be less than an hour. The cured solid was cut and grinded for initial observations.

Figure 7.6 exhibits the image of the sample cured solid using AIBN initiator.
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Figure 7.6: Cured permanent magnet using UV curable resin modified for thermal
cure

The initially tested resin formulation through in-situ polymerization was utilized to 3D

print permanent magnets using the material jetting AM process.
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Figure 7.7: Sample image of one deposited layer using material jetting

The deposition pressure, layer thickness and speed utilized for the process were 3 kPa,
0.35mm and 10 mm/s respectively. For subsequent material deposition, a layer
thickness setting of 0.5mm was utilized. Figure 7.7 shows the image of one deposited
layer on the acrylic sheet substrate. Curing of the deposited layer was accomplished
using UV light adopting the manufacturing scenario B established in Chapter 4. The
deposited layer was exposed to UV light for 60s. Figure 7.8 exhibits positioning the

magnetic jig over the deposited layer and subsequently curing it.

—

Figure 7.8: Positioning the magnetic jig and UV light above the deposited layer
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Post thermal cure was accomplished by setting the furnace at 50°C. Thickness of the

cured layer was measured using the Vernier caliper.

Figure 7.9: Dimensions of one cured layer using both UV and thermal curing
methods

The process methodology adopted for printing a single layer was adopted to deposit
subsequent layers and cure the sample using both UV and heat. Figure 7.10 shows the

image of a 3D printed sample after grinding and polishing using sandpaper.

Figure 7.10: 3D printed sample after grinding and polishing

A similar methodology was adopted to print composites with strontium ferrite
and neodymium iron boron fillers. Utilizing the AIBN loading of 0.4 wt% in
strontium ferrite formulation resulted in specimen cracking as observed in

Figure 7.11.
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Figure 7.11: Specimen cracking observed at a lower magnetic filler loading

Apart from cracking, specimens when exposed to UV light exhibited uncontrollable

deformations as observed in Figure 7.12.

Figure 7.12: Deformations observed with NdFeB formulation materials

Furthermore, using the same formulation with 30 wt% NdFeB filler and controlling
the intensity of the incident UV light, one component was successfully printed and

cured using both UV and heat cure methods.
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Figure 7.13: 30 wt% NdFeB filled UV/Thermal cure resin using material jetting
process

From the above mentioned results, it is significantly evident that a multitude of issues
have to be addressed prior to developing a formulation for printing and curing magnetic

composites using material jetting based AM process.

7.4 In-situ polymerization of magnetic composites and processing in magnetic
fields

One of the fundamental steps in magnet manufacturing process is the application
of an external magnetic field to align the crystallographic c-axis to enhance magnetic
properties. In this section magnetic composites are developed using in-situ
polymerization approach where 3D printed molds are filled with magnetic particle
reinforced polymer formulations. Anisotropic MQA powder was dispersed in epoxy
resin and the formulation was cured at a temperature of 80 °C. A magnetic array

designed using FEMM was utilized to align the particles during the thermal curing
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process. Figure 7.14 shows the image of the adopted magnetic array for aligning the

particles.

Figure 7.14: 3D printed molds filled with magnetic material formulation and cured in
a magnetic field in a thermal oven

To evaluate the orientation of crystallographic c-axis, XRD was conducted on samples
manufactured using the in-situ polymerization approach. From technical literature, it
was understood that for neodymium iron boron (Nd;Fei;4sB) enhancement in the
intensity of (006), (004) crystallographic plane relative to other peaks indicates the
orientation of easy axis of magnetization in the magnetic composites [4].
Disappearance of predominant peaks normally observed for a magnetic composite with

isotropic particle distribution has been reported in technical literature [5].
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Figure 7.15: XRD peaks of field structured magnet

Results observed in Figure 7.15 are congruent to the ones reported in technical
literature for textured permanent magnets [5]. Comparing figures 7.15 and 7.16, some
peaks appear to have been suppressed in Figure 7.15 due to the presence of texture in
the magnetic composite. Comparing the intensities to the ones reported by Narayan
et.al where intensity of (006) peak was even higher compared to all other observed
peaks, it suggests that further analysis and alternative characterization techniques to be
adopted to validate the orientation of magnetic particles within the fabricated

composites.
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Figure 7.16: XRD peaks for isotropic permanent magnet
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CHAPTER 8: SUMMARY, CONLUSIONS AND FUTURE WORK

In this research work, the feasibility of employing additive manufacturing (AM)
as a tool to fabricate magnetically loaded polymer composites has been explored. AM
processes, namely stereolithography and material jetting were utilized to understand its
capabilities to print polymers reinforced with magnetic fillers. It was hypothesized that
the selected AM techniques will enable manufacturing magnetic composites suitable
for high performance electrical machines like flywheel energy storage systems. To
validate the hypothesis, technical contributions related to material, equipment and
process development have been made as a part of this research work with guidance

from the technical literature.

Based on the initial hypothesis, a stereolithography based AM process utilizing
a resin vat was first explored. A commercially available 3D printer (Autodesk Ember)
capable of printing UV curable monomers was employed for the first phase of this
research. The need for engineering magnetic particle reinforced resin formulation was
realized upon observing particle settling within the resin tray of the 3D printer.
Developing a formulation engineered using additives to mitigate particle settling was
the first novel contribution of this research work. The additives utilized to engineer the
suspensions enhanced low shear viscosity and yield strength characterized using
rheometry tests. FTIR spectroscopy revealed that the degree of monomer conversion
was significantly dependent on the layer thickness setting in the 3D printer. To push
the limits of the 3D printer to fabricate composites with increased magnetic filler
loading, an intensive design of experiment approach was adopted to study the combined

effects of material formulations and 3D printing process parameters. It was observed
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that the dimensional variation in the manufactured composites followed a pattern
dependent on the print zones. Irrespective of the adopted materials and manufacturing
process parameters, the variation patterns were observed to be the same for composite
thickness and width. To determine the curing behavior of the developed material
formulations, a new experimental approach was developed to evaluate the cured
thickness and further determine the resin characteristic parameters like depth of
penetration and critical energy of polymerization. Utilizing this fundamental
understanding, resins with a magnetic filler loading of 10 wt% and 25 wt% were
fabricated. Magnetic composites printed using neodymium iron boron fillers exhibited
superior mechanical properties compared to strontium ferrite fillers at a filler loading
of 10 wt%. Even though polymers reinforced with 25 wt% filler loading were printed,
the quality of the magnetic composites were poor. Adhesion to the aluminum build
head was significantly challenging and furthermore composites exhibited broken cured
surfaces and layer tearing in the manufactured composite specimens. Overall, in this
research work focusing on stereolithography, fabrication of magnetic composites at
lower filler loadings using an open source 3D printer was successfully demonstrated.
Utilizing the results obtained through this research work, it was understood that a
bottom up type 3D printer is only suitable for printing polymers containing lower
magnetic filler loadings. Such magnetic composites are magnetic field responsive but

cannot satisfy the requirements required for high performance electrical machines.

With the motivation of developing magnetic composites with engineered
microstructures, a novel material jetting based manufacturing approach was developed

using fundamental scientific methods. Initially, research was focused at a systems level
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to determine particle alignment setups and control systems required to develop a 3D
printer. Finite element analysis was used to ascertain and understand the magnetic flux
density distribution in the developed permanent magnet based particle alignment
configurations. An experimental setup utilizing permanent magnet based particle
alignment system was developed and utilized to evaluate the behavior of magnetic
particles in UV curable resin. Optical microscopy coupled with image processing
enabled quantifying the degree of particle alignment at user defined angles. Novel
methodologies like magnetizing the particles prior to rotation were observed to be more
efficient for orienting particles at user defined angles. Furthermore, XRD analysis
enabled validating the orientation of specific crystallographic planes indicating the
alignment of the easy axis of magnetization. UV curable ferromagnetic particle
reinforced formulations were engineered to exhibit properties suitable for material
jetting based additive manufacturing processes. Formulations exhibited additive
loading dependent flow index, yield strength enhancements and time dependent
viscosity recovery properties. Through this work, it was shown how to render material
formulations thixotropic and engineer them to control material behavior at different
processing stages. Such material behavior modifications proved their suitability for
material jetting based additive manufacturing process and control of particle
aggregation behavior in UV curable material formulations. Magnetic characterization
of field structured composites showed enhancement in magnetic characteristics along
the direction of particle structuring. Overall, a robust foundation at a system and
materials level was formulated to develop composites with engineered microstructures.

This novel methodology to developed composites with engineered microstructures was
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demonstrated for polymers engineered with filler loadings up to 10 wt%. Such
composites are magnetic field responsive but cannot generate magnetic fields required

for integration into electrical machine systems.

In the final section of this research, permanent magnets were fabricated using
engineered material formulations through material jetting based AM process. Material
systems were developed with the motivation of developing composites that can
generate magnetic fields suitable for electrical machine applications. For this purpose,
high viscosity magnetic pastes were developed to suit the material jetting process. The
behavior of the developed magnetic pastes was observed to exhibit transitions as a
function of particle size and rheological additive loading. Rheological characterization
enabled understanding that the pastes engineered using rheological additives exhibited
viscoelastic behavior compared to other formulations without additives. The
incorporation of a rheological additives, even though they enhanced the rheological
characteristics, resulted in many processing challenges during the various processing
stages. Degassing to remove entrapped bubbles was challenging as it created significant
pores in the manufactured composites. The presence of entrapped air also created
instabilities during the deposition process. The process parameters required
modifications for depositing materials over previously deposited layers. Magnetic
characterization was conducted to find the influence of formulation materials and
hybrid magnetic material mixtures. Magnetic properties were observed to significantly
deteriorate with increasing temperatures. Properties of developed magnetic composites
were observed to meet the properties required for constructing electrical machines from

such permanent magnets. Utilizing this fundamental knowledge on engineering

220



material and process parameters, fiber reinforced magnetic composites and composites
with plate type magnetic particle were fabricated. In fiber reinforced composites, the
fibers were observed to exhibit alignment as evidenced in SEM images. Furthermore,
a UV curable resin was modified for heat cure using thermal initiators. Such a resin
reinforced with magnetic powder also enabled fabricating permanent magnets using in-
situ polymerization and a material jetting additive manufacturing process. Adopting the
same methodology to print magnetic composites was challenging as material
deformations were observed as a result of UV exposure. In-situ polymerization of
magnetic composites in the presence of a magnetic field applied through a magnetic
field enabled developing textured permanent magnets. In this research work, it was
observed that the material jetting AM process enabled fabrication of permanent
magnets suitable for high performance electrical machines. Overall, this research has
enabled constructing a robust foundation and understanding of materials and processes
for developing magnetically loaded polymer composites for a multitude of engineering

applications.

Results presented in this research are key starting points for the
multidisciplinary development of materials, equipment and manufacturing processes
for polymer bonded magnetic solids using AM techniques. Obtaining the desired
magnetic properties in composites is possible through the concurrent engineering of
equipment, materials and manufacturing process. Considering these factors, the

following research aspects are recommended for future work:

e Developing an experimental design to minimize the dimensional variations in

3D printed magnetic composites using stereolithography. The starting point for
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this study can be tuning the factor levels that have been identified to influence
the dimensional characteristics of 3D printed composites.

The material of the build head plate can be changed to a material like an acrylic
sheet, as opposed to the existing aluminum build head. This may promote
improved adhesion of the cured polymer layer compared to other materials.

In this research, the prime focus has been on enabling printability of the
developed polymer formulations. Investigating the composite characteristics in
terms of mechanical, electrical, and magnetic properties would enable a deeper
understanding of the suitability for a multitude of engineering applications.
Investigating the influence of UV light intensity on the rapid geometrical
changes during the curing process would provide information on many
undesired geometrical features and changes experienced at many stages of this
research.

Path planning for material deposition is crucial as in many cases the material
remains in a liquid state prior to the curing process. In some cases, the
deposition path of the nozzle was observed to distort previously deposited
material layers. There is a need to restructure the deposition paths to avoid such
process induced distortions.

Investigating the mechanical strength in terms of adhesion between deposited

layers is important for structures fabricated using additive manufacturing.
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