Magnetic behavior and chaining of
strontium ferrite-nylon composite above
the melting temperature

Cite as: AIP Advances 13, 025024 (2023); https://doi.org/10.1063/9.0000596
Submitted: 03 October 2022 - Accepted: 12 January 2023 « Published Online: 07 February 2023

'@' Tanjina N. Ahmed, @ Christopher Selsor, '@' Jitendra S. Tate, et al.

0
0
O
c
@
>

S

<

=
<

COLLECTIONS
Paper published as part of the special topic on 67th Annual Conference on Magnetism and Magnetic Materials

@ & & ®

DPONICCT View Online Export Citation CrossMark

READ NOW!
AlIP Advances

Energy Collection

AIP
/4 Publishing

AIP Advances 13, 025024 (2023); https://doi.org/10.1063/9.0000596 13, 025024

© 2023 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1953410&setID=378289&channelID=0&CID=715934&banID=520851898&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=f98bca0c9be1474702c2767161ccd7677b3a14d0&location=
https://doi.org/10.1063/9.0000596
https://doi.org/10.1063/9.0000596
https://orcid.org/0000-0002-5228-7010
https://aip.scitation.org/author/Ahmed%2C+Tanjina+N
https://orcid.org/0000-0002-3204-4230
https://aip.scitation.org/author/Selsor%2C+Christopher
https://orcid.org/0000-0002-7121-4773
https://aip.scitation.org/author/Tate%2C+Jitendra+S
/topic/special-collections/mmm2022?SeriesKey=adv
https://doi.org/10.1063/9.0000596
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/9.0000596
http://crossmark.crossref.org/dialog/?doi=10.1063%2F9.0000596&domain=aip.scitation.org&date_stamp=2023-02-07

scitation.org/journal/adv

AIP Advances ARTICLE

Magnetic behavior and chaining of strontium
ferrite-nylon composite above the melting
temperature

Cite as: AIP Advances 13, 025024 (2023); doi: 10.1063/9.0000596 @ Iﬁ
Submitted: 3 October 2022 « Accepted: 12 January 2023 -
Published Online: 7 February 2023

®

View Online Export Citation CrossMark

Tanjina N. Ahmed,"* ") Christopher Selsor,” '’ Jitendra S. Tate,"” ' and Wilhelmus J. Geerts'*

AFFILIATIONS

I Materials Science, Engineering, and Commercialization, Texas State University, San Marcos, Texas 78666, USA
2 Aerospace Engineering, Texas A &M University, College Station, Texas 77843, USA

*Mechanical and Manufacturing Engineering, Texas State University, San Marcos, Texas 78666, USA
“Department of Physics, Texas State University, San Marcos, Texas 78666, USA

Note: This paper was presented at the 67th Annual Conference on Magnetism and Magnetic Materials.
? Author to whom correspondence should be addressed: tna30@txstate.edu

ABSTRACT

To better understand Magnetic Field Assisted Additive Manufacturing (MFAAM) the effect of a magnetic field on the orientation and distri-
bution of magnetic particles in a molten magnetic composite was studied. Vibrating Sample Magnetometer (VSM) measurements were made
on Sr-ferrite/PA12 fused deposition modeling filaments of different packing fraction (5 and 40 wt. %). The rotation of the sample’s magnetic
moment upon application of a field perpendicular to the easy axis was monitored with a biaxial VSM above the PA12’s softening tempera-
ture. The observed magnetic moment transients depend on the temperature, the applied alignment field, the packing fraction, and the initial
field-anneal procedure. Longer field-anneals result in larger time constants and seem to induce a hurdle that prevents complete alignment at
low temperatures and/or for small fields. Results indicate the molten composite is a non-Newtonian fluid that can support a yielding stress.
Scanning Electron microscopy (SEM) images taken on field-annealed samples at 230 °C show strong chaining with little PA-12 left between
individual Sr-ferrite particles suggesting that direct particle to particle interaction is the reason for the observed non-zero yielding stress.
The melt viscosity of the composite increases with the number of thermal cycles above the melting temperature (Tr,). Room temperature
(RT) torque magnetometry measurements show that magnetic anisotropy depends on the field annealing process through induced shape
anisotropy contributions originating from magnetic particle agglomerates.

© 2023 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/10.1063/9.0000596

I. INTRODUCTION materials might replace magnetic polymer composites applied in

rapid prototyping or high-performance applications. Properties of

Magnetic Field Assisted Additive Manufacturing (MFAAM), or
3D printing in a magnetic field, is a new manufacturing method
that allows for the realization of new materials and devices whose
magnetic anisotropy axis varies as a function of position. Such
materials cannot yet be made by any other manufacturing method.
Applications of hard magnetic MFAAM materials include Halbach
cylinders for use in energy efficient electromotors and genera-
tors and high-performance permanent magnets for use for exam-
ple in portable MRI equipment. In addition, these new MFAAM

such magnetic composites depend on the particle microstructural
distribution within the polymer matrix' At elevated temperatures,
above the softening temperature of the polymer matrix but below the
Curie temperature of the single domain magnetic particles, the poly-
mer matrix loses its ability to fix the orientation of the non-spherical
magnetic particles and individual particles rotate freely, lining up
with an externally applied field.” This alignment process influences
the distribution pattern of the magnetic particles in the suspen-
sion. The particles attract each other due to the magnetic force
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originating from the magnetostatic interaction, and eventually orga-
nize in long chains parallel to the direction of the applied magnetic
field.” This interaction and chaining process is enhanced in suspen-
sions exposed to a magnetic field. So, two effects are observed: (1)
the alignment of the magnetic particles due to the rotation inside
the molten matrix towards an externally applied magnetic field and
(2) the redistribution of the aligned magnetic particles due to the
inhomogeneous magnetostatic interaction field often referred to as
magnetic chaining.”  If the matrix is cooled down to room tempera-
ture in a field, the frozen-in magnetic texture and chain morphology
make the composite anisotropic. Here, we report on the magnetic
anisotropy of 5 and 40 wt. % SrO(Fe;03)s/PA-12 composites (read
1 vol. % and 8 vol. %) after field-anneals above Ty,. The rotation
of magnetic dipoles during the field annealing process above T,
is studied with a biaxial VSM using a similar method as described
in Ref. 2. The chaining is studied through direct SEM studies on
field-annealed samples.

Il. EXPERIMENTAL PROCEDURE

OP-71 Strontium Ferrite [StO(Fe;O3)s] powder obtained from
Dowa Electronics Materials Corporation and Vestosint® 3D Z2773
PA-12 (Nylon) (Tm ~ 178 °C’) from Evonik were used to realize
5 and 40 wt. % SrO(Fe;O3)s/PA-12 composite 3D printer filaments.
OP-71 powder consists of strontium ferrite platelets (Curie temper-
ature is 477 °C) with an average diameter of 1.39 ym. SEM images
of the as-received powder reveal a large spread in diameter i.e.
0.1-4.5 ym. Individual particles are platelets with a typical aspect
ratio of 3. These particles do not have a perfect hexagonal shape sug-
gesting they are polycrystalline but have a strong texture.'” Using
the M and K data of Ref. 11 the calculated RT single domain
size of strontium ferrite is approximately 0.6 ym and increases to
1.2 ym at 230 °C, the field-anneal temperature used in this paper.
Although these values suggest that the largest particles are multi-
domain the coercivity of both studied composites is close to 4 kOe.
A Thermo Fisher Process 11 co-rotating twin-screw extruder was
used to manufacture the magnetic polymer composite filaments.' "
The particle’s orientation and distribution in the filaments was stud-
ied with a FEI Helios NanoLab 400 DualBeam SEM. Samples were
cut at RT perpendicular to the cylindrical axis using a surgical knife.
All samples were coated with a conductive 4 to 6 nm layer of Iridium
(Ir) deposited by a Quorum Technologies EMS150T Imaging Sput-
ter Coater. The 5 wt. % filaments needed a thicker coating (6 nm) to
avoid charging issues than the 40 wt. % filaments (4 nm) that have a
higher loading level.”

The field-anneal, the magnetic rotation studies, and the torque
measurements were all done using a MicroSense-KLA biaxial EZ-9
VSM furnished with a 70-1000 K temperature option flowing Argon
(Ar) gas at 230 °C. This temperature (230 °C) was chosen to simulate
the alignment of the particles during the 3D printing process as it is
in the center of the process 3D-print window defined by PA-12’s
Tm (175°C) and the onset of decomposition of the Nylon matrix
(290-400 °C).'* Note that, up to 290 °C the weight loss observed in
TGA graphs is negligible.

Samples were 4-6 mm long cylindrical filaments with an aver-
age diameter of 1.5 mm and typically had a mass of around ~14 mg.
The sample’s mass was measured with a C-30 Cahn microbalance
that has a resolution down to 1 microgram. They were loaded in
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a Pyrex glass tube with an outer diameter of 3 mm and an inner
diameter of 1.75 mm [Fig. 1(a)]. The filament was wrapped with
Teflon plumber tape that has a low surface free energy to avoid
the composite to wet with the Pyrex tube upon melting and turn
into a hollow cylinder at 230°C [Fig. 1(b)]. PEEK stoppers with
high temperature silicone glue on both sides of the samples were
used to secure the sample’s position and prevent the molten com-
posite to leak out the glass rod. The VSM’s furnace was used to
heat up the sample for the field-anneal and the rotation studies.
This furnace operates under Ar and allows temperature rates up to
1.1°C/s.

The rotation of the magnetic particles in the molten suspen-
sion was studied with the biaxial VSM. Filament samples were
annealed in a field of 22 kOe at 230 °C for 3 min and cooled down
in a magnetic field. Then the sample was rotated in zero field over
90 degree to orient its magnetic dipole moment perpendicular to
the field direction. A step field of 500 Oe was applied to exert a
torque on the magnetic particles that rotates them towards the field
direction. Please note that the applied field is much smaller than
the coercivity and anisotropy field so thus not significantly affects
the particle’s magnetic dipole moment which is expected to line
up close to the particle’s easy axis. During the application of this
field, the sample’s Mx and My components were recorded to monitor
the rotation of the particles in the nylon matrix through 6(t)=tan™
(My(t)/Mx(t)).” This experiment was repeated for different temper-
atures on the same sample to explore how temperature affects the
alignment process. More details on this novel method can be found
in Ref. 2.

Torque measurements have been widely used to measure a
sample’s magnetic anisotropy.'” One measures the torque exerted
as a function of the field angle and magnitude, and the magnetic
anisotropy is determined from an inverse Fourier series analysis of
the torque curve. Although usually torque magnetometers are used,
one can also indirectly measure torque with a biaxial VSM from
the components of magnetic moment perpendicular to the field
direction since:

FIG. 1. (a) SrO(Fe;03)¢/PA12 cylindrical-shaped filament wrapped with Teflon
tape and secured in Pyrex glass tubes with PEEK stoppers and high tempera-
ture silicone glue (b) at 230 °C upon melting, without Teflon wrap, filament turn
into hollow cylinder.
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T =Uo M xH = yoMyH,e; + oM Hye,

where M, and M, are the components of the magnetic dipole
moment perpendicular to the applied field H,.'°

Torque measurements were done at RT using the biaxial VSM
on one-time annealed samples in a field of 1.5 kOe for 1, 5 and 180 s.
Additional torque measurements were done on samples annealed for
180 s at 230 °C in zero field (zero-field-sample) and in 22 kOe (22
kOe-sample). Prior to the torque measurements the samples were
centered in between the X-pickup coils at zero field angle. Torque
curves were measured in steps of 10 degrees for different field values
from 10 to 22 kOe with field increments of 2 kOe. The torque was
determined from the y-intersect of the 1/H, — T curve and converted
to magnetic anisotropy by dividing the torque by the volume of the
strontium ferrite in the sample calculated from the sample’s mass,
packing fraction and densities of Nylon (p=1 gr/cm®) and hexaferrite
(p=5.18 gr/cm3).
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Ill. MEASUREMENT RESULTS

Figures 2 and 3 show the time dependence of the magnetic
moment angle of 5 and 40 wt. % filament samples under exposure
of a 500 Oe field step perpendicular to the field-anneal direction for
different temperatures. All measurements were done on the same
samples and in between each curve the sample was field-annealed
along the same direction using the recipe mentioned in Sec. II. The
ascending series in Figs. 2(a) and 3(a) show the first four scans
(150°C, 175°C, 200°C, 225°C) done on respectively the 5 and
40 wt. % sample. Figures 2(b) and 3(b) show the next four scans
(225°C, 200 °C, 175 °C, 150 °C) on respectively the 5 and 40 wt. %
sample. The observed transients depend on the temperature similar
to what was observed in a previous study for field-anneals below the
Tm.” The initial slope of the transients (% t:O) increases with tem-
perature and the limiting magnetic moment angle at large t, [8(600)],
decreases with temperature. The transients depend strongly on the
packing fraction (Figs. 2 and 3) with the initial slopes for the high

Descending 500 Oe of 5wt% filament
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FIG. 2. Magnetic transient upon application of a 500 Oe field perpendicular to the easy axis of 5 wt. % 22 kOe field-annealed at 230 °C composite (a) ascending temperature

from 150 to 225 °C (left); (b) descending 225 °C to 150 °C (right).
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FIG. 3. Magnetic transient upon application of a 500 Oe field perpendicular to the easy axis of 40 wt. % 22 kOe field-annealed at 230 °C composite (a) ascending temperature

from 150 to 225 °C (left); (b) descending 225 °C to 150 °C (right).
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packing fraction samples a factor 4 to 20 smaller indicating an
increase of viscosity with packing fraction as also is observed in other
composites.!” Viscosity increases with multiple thermal cycles above
Tm as seen in Figs. 2 and 3 are consistent with what other peo-
ple found for PA-12.""'" Strong particle to particle interaction in
particularly for the 40 wt. % samples is shown by the large 6(600).
In particularly after several field-anneal cycles the 8(600) increases
(Fig. 3). It is clear from this data that the molten composite (200
and 225°C curves) is a non-Newtonian fluid that can support a
yielding stress and that the strength of this yielding stress shows
hysteresis, depends strongly on the packing fraction and is affected
by the number of high temperature field-anneal cycles the sample is
exposed to.

The SEM images of 5 and 40 wt. % SrO(Fe,O3)s/PA12 pristine
filaments are shown in Figs. 4(a) and 4(b), respectively. Very little
agglomeration or grouping is observed in the as-extruded samples.
Apparently forces originating from the shear flow in the extru-
sion die and/or the rotation of the extrusion screws compete with
the magnetostatic interaction forces and keep the particles apart in
the pristine filament. Note that the orientation and possible con-
centration of the platelets along the r-direction of the filament is
expected to be inhomogeneous due to the shear flow in the extrusion
die as shown by others."”*’ VSM hysteresis curve measurements
show that the as-extruded filament has a weak c-axis magnetic tex-
ture along the filament’s r-direction originating from flow induced
anisotropy.'”

Figure 5 above shows the effect of field-annealing at 230 °C
on the agglomeration of the magnetic particles. These SEM micro-
graphs depicts that, there is considerable amount of agglomeration
occurring in both annealed filaments compared to the pristine
filament of Fig. 4.

However, the shape of the agglomerates in the zero field sam-
ples is extremely random due to the absence of any applied magnetic
field and chains are much shorter compared to the samples annealed
in a field. Clear chaining along the applied field direction is observed
in the samples field-annealed at 22 kOe. The cluster size is larger for
the high packing fraction filament. Individual particles in the chains
are randomly oriented in the zero field-annealed filaments. With the
increase of the field to 22 kOe, the orientation of the strontium ferrite
particles in the chain are more directional along the field direction
(c-axis parallel to the field direction). Note that the cluster size is
much higher in the 22 kOe field-annealed for both 5 and 40 wt. %

FIG. 4. SEM images of Pristine (a) 5 wt. % and (b) 40 wt. % SrO(Fe;03)/PA12
composite.
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FIG. 5. Effect of anneal-field on agglomeration: SEM images of zero field and
22 kOe field-annealed at 230 °C for 3 min for (a) 5 wt. % (top) and (b) 40 wt. %
(bottom) SrO(Fe,03)s/PA12 filament.

SrO(Fe;03)s/PA12 composites compared to the zero field-annealed
samples.

The effect of the annealing time on the agglomeration and ori-
entation is shown in Fig. 6. These SEM micrographs depict that,
there is a considerable amount of chaining formation and particle
rotation occurring for anneal-fields lower than 22 kOe. For these
smaller fields the magnetic chaining is still more or less along the

FIG. 6. Effect of anneal-time on agglomeration: SEM images of 1500 Oe field-
annealed at 230 °C for 5 s and for 180 s for (a) 5 wt. % (top) and (b) 40 wt. %
(bottom) SrO(Fe,03)s/PA12 filament.
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field direction although a larger spread in the chain and individ-
ual particle directions are observed. It was additionally observed
that, higher field annealing time (180 s) not only controlled particle
agglomeration but also improves the degree of particle alignment in
the field direction. Hence, there is a clear anneal-time dependence
on agglomeration size and orientation distribution.

IV. DATA ANALYSIS AND DISCUSSION

The SEM images in the previous section show significant par-
ticle agglomeration for all samples except for the pristine filament
samples. The cluster size increases with anneal-field, anneal time,
and packing fraction and is summarized in Table T below. All
three effects are understandable. A large anneal-field results in a
strong alignment of the particles’ magnetic dipole moments which
increases the magnetostatic interaction and the speed with which
they chain. Similarly, a larger packing fraction results in particles ini-
tially already being closer together in the pristine filament increasing
the initial magnetic force the particles exert on each other speed-
ing up the chaining process.””** Additionally, longer annealing
time allows for particles initially farther apart to chain-up result-
ing in longer chains. The strong chaining with little PA-12 left
between individual Sr-ferrite particles for samples field-annealed at
22 kOe suggests that direct particle to particle interaction should
contribute to the observed non-zero yielding stress shown in Figs. 2
and 3.

The results of the torque measurements are summarized in
Table T above. Note that the K of the zero-field samples is not zero
but approximately 3% of the magnetic anisotropy observed on the
22 kOe field-annealed samples. We believe that, this is a systematic
measurement error originating from a circular trajectory the sample
describes as the field angle is rotated through 360 degrees because
of small misalignments of the sample on the sample rod. It has been
recently shown that such trajectory results in a 26 background sig-
nal in the Y-coils caused by the angular dependent cross talk term,
i.e. Sxy(8)*My.” Although it is possible to subtract this background

scitation.org/journal/adv

signal, it is small compared to the magnetic anisotropy signal of the
field-annealed samples and can be ignored for the discussion below.

Kefr increases with annealing time and annealing field. In addi-
tion to the crystal anisotropy and texture K has three contributions
due to shape, i.e. the shape of the individual particles, the shape
of the agglomerates and the shape of the sample.”* As anisotropy
measurements were made in a plane perpendicular to the filament’s
cylindrical axis and the samples are rotation symmetric along their
vertical cylindrical axes, we do not expect any contributions from the
sample’s macroscopic shape on the measured torque curves. When
the strontium ferrite particles are far apart and do not interact at
all, are single crystalline, and all of them are oriented in the same
direction, the total magnetic anisotropy, K, will be:

1
Kef =Ky - EMON[IM.?

Where K,; is the crystal anisotropy of strontium ferrite which is 350
kJ/m*”° and the 2nd term is the shape anisotropy of individual par-
ticles. For particles with an aspect ratio of 3 (OP-71), Nd is 0.64
and K = 309 kJ/m’. If the particles are not perfectly aligned or
are not single crystalline the effective Keg will be lower. Assuming
Ny is correct, a Ko > 309 kJ/m”® indicates the particles are chained
along the anneal field direction and interact with each other. As the
samples annealed in 22 kOe have an effective anisotropy beyond
350 kJ/m® (see Table I) the torque measurements provide proof of
chaining. The samples annealed at lower fields show all an effective
anisotropy below 309 kJ/m? but still could be chained as additional
shape anisotropy of the elongated agglomerates could be canceled by
the poor alignment of the individual particles.

The large value of the measured K depends on the field
annealing process through induced shape anisotropy contribu-
tions originating from the shape anisotropy of the particles and
the directional agglomerates. The magnetic anisotropy increases
with increase of the field annealing time for both 5 and 40 wt. %
SrO(Fe;03)6/PA12 composites.

TABLE . Cluster size and magnetic anisotropy of pristine and 230 °C field-annealed 5 and 40 wt. % composite.

SrO(Fe;03)s/PA12 Annealing Annealing Avg. cluster size Anisotropy,
composite field (Oe) time (s) (number) Keg (kJ/m?)
Pristine s 2.5 e
0 0 9.0 12.4
1500 1 s 96.7
0,
S wi.% 1500 15.5 104.0
1500 180 18.9 116.5
22000 180 26.7 432.3
Pristine e 4.9 s
0 0 44.0 10.8
1500 1 s 172.9
V)
40wt % 1500 77.0 189.0
1500 180 102.0 221.1
22000 180 169.0 356.1
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V. CONCLUSIONS

A biaxial VSM was used to study the magnetic anisotropy of
the strontium ferrite-PA12 composite induced by field annealing
at 230 °C. The magnetic anisotropy depends on the field annealing
process through induced shape anisotropy contributions originating
from agglomerates. It increases with increase of the field annealing
time for both 5 and 40 wt. % SrO(Fe,O3)s/PA12 composites. For
22 kOe field-anneals, the measured magnetic anisotropy is larger
than an individual particle’s K, providing evidence for significant
agglomeration along the anneal field direction. This conclusion is
supported by SEM analysis showing good particle alignment and
significant chaining. Cluster size determined from SEM analysis
and magnetic anisotropy determined from torque measurements on
samples field-annealed at lower fields are correlated and increase
with anneal field, anneal time, and packing fraction. Biaxial VSM
was also used to monitor the rotation of the magnetic moment
in field-annealed samples exposed to a small field perpendicular
to the field-anneal direction. The rotation time constant, which is
inversely proportional to the viscosity, decreases with temperature.
At lower temperatures and smaller rotation fields, it is not pos-
sible to align the sample’s magnetic dipole moment up with the
rotation field direction. SEM images suggest that strong chaining
limits the space available for the non-spherical particles to rotate
over a full 90 degrees and is responsible for the observed non-zero
yielding strength. The latter increases with packing fraction which
indicates that the required MFAAM alignment fields resulting in
decent alignment also increases with packing fraction. To further
the development of MFAAM a model of the MFAAM deposition
process’® that also includes chaining processes’” needs to be devel-
oped to better understand how viscosity and packing fraction affect
non-spherical particle alignment processes.

Lastly, it was observed that viscosity and yielding strength
increase when the composite is exposed to multiple thermal cycles
above Tr. PA-12 polymers often contain reactive chain ends and
these reactive end groups can react at elevated temperatures, par-
ticularly above Tr, to increase molecular weight which has a large
effect on viscosity for a linear polymer as shown by others.'”"
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