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ABSTRACT

The magnetic anisotropy of strontium ferrite (SF)/PA12 filament, a popular hard magnetic ferrimagnetic composites that is used for 3D-
printing of permanent magnets, is studied by vibrating sample magnetometry. The studied filaments have a composition of SF/PA-12
thermoplastic composite with a 40% wt. ratio of SF. SF particles are non-spherical platelets with an average diameter of 1.3 um and a diameter
to thickness ratio of 3. Filaments are produced by a twin-screw extruder and have a diameter of 1.5 mm. SEM images show that the SF particles
are homogeneously distributed through the filament. VSM measurements on different parts of the filaments show that the outer part of the
cylindrical filament has a higher anisotropy, and the core is mostly isotropic. This conclusion is consistent with computational work by others
which suggest that particle alignment predominantly takes place near the walls of the extruder die where shear flow is maximum. Additional
hysteresis curve measurement of the outer cylindrical part of the filament parallel to the r and ¢ directions indicates that the squareness of the
hysteresis curve (S) is larger in the r-direction. This indicates that the outer surface of the filament has a strong easy axis in the r-direction.
We conclude that the SF platelets line up parallel to the walls of the extrusion die.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000701

I. INTRODUCTION printer-head. MFAAM has been shown to enhance material proper-

ties such as susceptibility,” remanence,® and yielding strength. It has
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3D printing of magnetic composites has been explored for fast
prototyping because of its cost-effectiveness and production rate.
Recently one started exploring the use of a magnetic field during
the 3D printing process to induce a magnetic anisotropy in the
3D printed materials." For permanent magnets, the anisotropic
arrangement is often preferred since it has a stronger magnetization
than an isotropic one, which is due to the organized structure of an
anisotropic material. Isotropic materials have the same topography,
but they are randomly orientated.

The first Magnetic Field Assisted Additive Manufacturing
(MFAAM) experiments were done by printing on permanent mag-
nets placed on the print bed of an FDM printer.! Others used an
electromagnet™’ or a permanent magnetic field fixture' on the 3D

also paved a path to new manufacturing method that allows to real-
ize materials and devices whose magnetic anisotropy axis vary with
position leading to magnets that can lift more, printable flux-guides
for wearable electronics, or Halbach cylinders with very homoge-
neous fields that one day will replace the superconducting magnets
in MRI equipment realizing a portable version of the diagnosis
tool.

Except for an external magnetic field also a shear flow can
affect the orientation of non-spherical particles in a suspension.”
Flow induced magnetic anisotropy was observed in freely extruded
strontium-ferrite (SF) PA-12 filaments'’ and recently also in 3D
printed samples of the same material.'' These SF particles are
non-spherical (oblate spheroids or platelets), so their alignment is
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affected by the variation of the velocity of the fluid in the extrusion
die, the shear flow.'” In this paper we explore the distribution of the
orientation of SF platelets through an extruded SF/PA-12 filament
to better understand the origin of the flow induced anisotropy. This
is relevant for 3D printing of SF/PA-12 magnetic composites and
might help with the further development of Flow Assisted Additive
Manufacturing (FAAM).

Il. EXPERIMENTAL PROCEDURE AND METHODOLOGY

Experiments were done on 40 wt.% SF/AP-12 filaments.”"
Vestosint® 3D 72773 PA-12 from Evonik was used for the base
of magnetic composite and OP-71 powder from Dowa Electronics
Materials Co. for the SF particles. This is a thermoplastic polymer
known as nylon. It acts as a filler between the SF platelets and as
an adhesive to keep the SF platelets together. The filaments were
extruded in a Thermo Fisher Process 11 Co-rotating Twin Screw
Extruder. More details on the manufacturing process are provided
in Ref. 4. The SF particles were single domain with an average
size of 1.3 um. SEM images (Fig. 1) show that the SF particles are
platelets with a diameter to thickness ratio of approximately three.
No clustering of particles was observed in material extruded in zero
field for the hollow cylinder [Fig. 1(a)] and the core [Fig. 1(b)].
For this material, the crystal anisotropy of the individual parti-
cles is the most important contributor to the sample’s magnetic
anisotropy. This type of anisotropy is more focused on the platelets
or individual particles of the magnetic composite than the general
shape of the sample. Because of the low packing fraction (8 vol. %)
sample shape anisotropy can be ignored in this paper. The crystal
anisotropy is caused by spin-orbit interaction and crystal electric
field. This effect couples the direction of the magnetic moment in
the material to the crystal structure. If the magnetic moment is
along the c-axis of the SrFe;2019 hexagonal ferrite platelets, the
magnetic energy is lowest. The single crystalline platelets have an
easy axis, the axis that is easiest to saturate, perpendicular to their
surface [Fig. 2(a)]

The SF/PA-12 filaments have an easy plane perpendicular to
the filament’s cylindrical axis.'” Two hypotheses were drawn on the
orientation the SF platelets would take as they tumble or spin down
the extrusion die in the molten PA-12. The first one is that the fer-
romagnetic platelets would arrange themselves with their easy axis
perpendicular to the cylindrical surface of the filament Fig. 2(b). The
other possible orientation for the platelets would be that they arrange

FIG. 1. SEM Images of the outer surface of the hollow cylinder and core. (a) hollow
cylinder surface at 10 um. (b) core surface at 5 ym.
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FIG. 2. (a) Platelet easy axis perpendicular to the surface (b) the easy axis would
be facing the outer shell and (c) the platelets would be parallel to each other.

themselves parallel to each other, so their easy axis is pointing in the
filament’s f direction Fig. 2(c). Note that both configurations would
result in the observed easy plane perpendicular to the filament’s
cylindrical axis.

To determine what part of the filament is anisotropic and what
part is isotropic, samples were cut from a 1.5 mm diameter filament
using a knife and a dissecting tool. First the filament was cleaned
with a Kim wipe and IPA to remove any impurities on its surface.
Then a 1.5 mm long disk was cut from the filament. With a dis-
secting tool the center of the disk (1 mm diameter) was extracted.
This process is sketched in Figs. 3(a) and 3(b). This process creates
two samples here referred to as the core and the donut sample. A
Cahn C30 microgram scale was used to determine the mass of each
sample and a Hirox digital microscope to obtain the sample’s dimen-
sions. Lastly, the samples were glued to 8 mm round cover glass
slides.

To determine the filaments texture [Figs. 1(b) and 1(c)] a third
type sample was prepared. The same process as described above
was used to determine another hollow sample. Before mounting
the sample on a glass slide though, an incision was made on one
side of the donut sample along its cylindrical axis. The donut sam-
ple was opened, and a clamp was used to flatten it on a firm surface
[Figs. 3(c) and 3(d)]. Finally, the flattened sample was glued to an
8 mm round cover glass slide.

e Remove
. gm < \4 core from
e e sample. This
sample T yields a core
from 1:Suii and a donut
filament J_
\ — /
Flatten the donut on a
) |
Cutthe microscopic slide
donut
b l]l]l}l]ll
| U
[ |

FIG. 3. Sample preparation.
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The museum wax was used to load the prepared samples on
a perpendicular and transverse rod. This creates a large adhesion
between the cover slide and the rod that will prevent the sample from
falling during the data gathering.

Magnetic hysteresis curves were measured for different field
directions using a MicroSense EZ9 vibrating sample magnetome-
ter (VSM) using sweep mode (200 Oe/sec). The VSM measurement
principle is based on Faraday’s law of induction where the head of
the VSM vibrates the sample between the pickup coils. The sample’s
magnetic field induces an electric field in the pickup coils resulting
in an induced voltage that is measured by a locking amplifier. This
signal is proportional to the sample’s magnetic dipole moment. A
large electromagnet applies an external magnetic field ranging from
—22000 to 22 000 Oe to the sample.

Hysteresis curves were measured for two different field angles.
For the core and hollow cylinder samples, the hysteresis was mea-
sured for H parallel to the r-direction and for H parallel to the
cylindrical long axis of the filament. For the flat sample, the hystere-
sis curves were taken for H parallel to the f direction and H parallel
to the r -direction.

lll. RESULTS

The measured hysteresis curves were corrected for the image
effect and the field lag and the squareness (S = M;/Ms) and M, were
determined from these corrected hysteresis curves. Data for typical
hollow cylinder and core samples is summarized in Table I below.
The squareness (S = M;/M;) of the measured hysteresis curves par-
allel to the filament’s z-axis (S,) and r-axis (S;) are compared. It was
found consistently that the S,/S, is larger for the hollow cylinder than
for the core samples as seen in Table I. So, the core samples are more
isotropic, and the donut samples have a larger anisotropy. A more
elaborate comparison that also corrects for the demagnetizing field
shows the same trend. No significant difference in magnetic moment
per unit mass was observed between the core samples and the hollow
cylinder.

The hysteresis curves of the flattened sample H parallel to ¢ (red
dotted line) and H parallel to r-direction (purple line) are shown

TABLE |. Magnetic anisotropy samples. The density of the sample can be seen on
Table 1.

H//to r-direction H//to cylinder. Axis

Sample Ms Ms
ID1.00MM 0.5-1 Se (emu/g) S, (emu/g)
Hollow cylinder ~ 0.59 31.40 0.39 30.41
Core 0.57 31.23 0.42 31.76
TABLE . Density of the hollow cylinder and core.

Sample ID1.00MM 0.5-1 Density (g/cm®)

Hollow cylinder 1.7 £0.15

Core 2.1+0.15
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FIG. 4. Hysteresis curves parallel to ¢ direction (dashed red) and parallel to r
direction (solid purple).

below in Fig. 4. We can see that the S is low when H is parallel to
f and high when and H is parallel to the r-direction. This indicates
that the r-direction is an easy axis of the magnetic anisotropy. This
confirms that the c-axis of the platelets are organized perpendicular
to the surface of the filament as shown in Fig. 2(b).

IV. CONCLUSION

As a result, it was concluded that the outer surface of the fila-
ment is more anisotropic than the core Table I. In the light of this
information another experiment was done to determinate the crys-
tal anisotropy it was found that S is higher when H is parallel to the
r-direction as seen on Fig. 4 showing that platelets are perpendic-
ular to the surface correlating with the model on Fig. 2(c). These
results match with what the computational group previously pre-
dicted, which indicated that the extruded filaments have a higher
anisotropy along the outer surface of the filament. This research is
beneficial to the FAAM field since it provides an understanding of
how flow influences magnetic anisotropy in FFF. Understanding this
is crucial to use FAAM to 3D print anisotropic hard magnets. If we
know how the alignments work, we can manipulate and improve
upon the printing process, important for a wide-scale application in
an industrial setting.
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