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Abstract: Multipolar bonded magnets based on a thermoset matrix provide the opportunity to
expand the applications of bonded magnets, especially within the drive technology industry, in
terms of the high thermal and chemical resistance, along with a higher utilisation of the magnetic
potential. To realize the application of polymer bonded magnets based on thermosets within the drive
technology industry, general design parameters in terms of the material, the process parameters, and
the tool concept are needed. These allow for a fundamental realization of multipolar bonded magnets
with complex geometries in drive technologies, based on thermosets as the matrix material. This
paper investigates the impact of the material (matrix material and filler grade), the process conditions
(holding pressure (ph) and heating time (th)), and the tool concept (gating position and system, sleeve
material, pole division, and sample thickness) on the magnetic properties in terms of the remanence
(BR) and the deviation (∆s) of the pole division, as well as the orientation of the fillers in the middle
of the pole and at the pole pitch. For each parameter, an optimised value is derived. In the majority of
the cases, this value is equal in terms of the magnetic properties and the orientation. In terms of the
sleeve material and the sample thickness, the ideal value differs between the two criteria. Therefore,
an optimised value for each criterion, as well as an overall value, is defined. In terms of the material,
PF, along with a high filler grade; in terms of the process conditions, a high holding pressure (ph) and
a low heating time (th); and in terms of the tool concept, a two-pinpoint gating system, located in the
middle of the pole, a Ferro-Titanit-Cromoni sleeve material, a high pole division, as well as small
sample thickness, should be selected to improve the properties of polymer bonded magnets based
on thermosets.

Keywords: hard magnetic filler (SrFeO); highly filled thermosets (EP, PF); polymer bonded magnets;
design parameters

1. Introduction

Polymer bonded magnets are mainly made up of two important material groups: the
matrix material and the hard magnetic filler. Currently, the matrix material defines the
production process, as thermoset based polymer bonded magnets are mainly fabricated
from the pressing and thermoplastic-based types by injection moulding [1]. However, early
attempts have been made to generate a basic understanding of the material behaviour of
thermoset based bonded magnets, which are fabricated in the injection moulding process [2].
In general, the fabrication within the injection moulding process reveals the possibility
of reaching a high freedom of design [3], size accuracy [4], and functional integration [5].
Thermoplastic based bonded magnets are limited in terms of their applications, as the
magnetic properties are restricted by the maximum filler grade of 60 vol.-%. Further, highly
filled thermoplastics reach a high viscosity, which reduces the movability of the hard mag-
netic fillers. The magnetic potential cannot be fully accessed. Furthermore, the temperature
setting in the injection moulding process of thermoplastics leads to a fast cooling outer
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phase, where no orientation of the fillers takes place [6]. With that, thermoplastic based
polymer bonded magnets realize the general advantages of the injection moulding process,
but reveal a significant lack in regards to the usage of the full potential of the magnetic
properties due to the material behaviour.

In terms of thermosets, a lower viscosity can be reached, which allows higher filler
grades. Within the pressing process, the grade of hard magnetic fillers can be increased
to 85 vol.-% [1]. The temperature setting of the injection moulding process for thermosets
differs significantly compared to that for thermoplastics and does not lead to a fast cooling
outer phase. With that, the magnetic properties are more likely to be fully used in thermoset
based bonded magnets after the movability of the fillers reaches a higher level in terms of a
smaller viscosity, and the orientation is not limited in the outer region [2]. Furthermore,
thermosets reveal temperature and chemical resistance [7], which are important functions
in terms of the possible applications of polymer bonded magnets.

The smallest magnetic unit of a solid, which is the basis of magnetic properties, is
described by the magnetic moment of a single electron and is generated by the rotation
of this electron around its axis or the proton [1]. Ferromagnetic materials make up the
largest group in regards to the differing behaviours of magnets. They reveal a permanent
magnetic moment, without the presence of an outer magnetic field, but with the temper-
ature restriction of the Curie temperature (TC). Hard magnets are a group of materials
with ferromagnetic behaviour which reveal a characteristically high resistance against
demagnetization [8].

The hard magnetic fillers, in addition to the matrix material, is the second group
within the polymer bonded magnets, and these are divided into two main groups: ce-
ramic materials, such as strontium–ferrite–oxide (SrFeO), and rare earth materials, such
as neodymium–iron–boron (NdFeB) [1]. Each filler reveals an isotropic or anisotropic be-
haviour relative to the crystal structure and the fabrication process, with some exceptions,
in which the anisotropic variant cannot be realized [9]. Several factors, such as intrinsic
magnetic properties, geometries, and particle sizes, as well as flow conditions of the filler,
define the possible magnetic properties of polymer bonded magnets. To access the full
potential of anisotropic fillers, the fillers have to be geometrically orientated by the integra-
tion of an outer magnetic field within the fabrication process. It has to be ensured that the
movability of the fillers is high enough, and that the viscosity low enough, to realize the
change in the geometric position of the fillers [10]. The magnetization, however, can take
place during the fabrication process, as well as after this step, as there is no geometrical
change of the position required. Rather, this process lies in a change at the atomic level [11].

Polymer bonded magnets reveal the two main fields of application in terms of sensor
systems and drive technology. Over the past years, the application of polymer bonded mag-
nets has become highly important within the second group. New motor concepts attempt
to implement polymer bonded magnets by using a multipolar and complex magnetic field
structure to expand the motor efficiency and performance [12]. Even though the general
possibility to integrate polymer bonded magnets in motor applications has been proven,
the limitation in the filler grade, the lack of orientation in the outer phase, and a generally
low temperature and chemical resistance hinder the usage of thermoplastic based polymer
bonded magnets within drive technology applications. Early investigations in terms of
thermoset based bonded magnets, which are fabricated in the injection moulding process
and therefore, employ the general advantages of this process, prove that the possible filler
grade is expanded, the lack of orientation in the outer phase is overcome, and the resistance
is increased relative to thermoplastic based magnets [2]. To realize the usage of thermoset
based polymer bonded magnets, not only in the injection moulding process in general,
but further in complex applications of drive technology, general design parameters are
required. Such parameters would summarize the understanding of the material behaviour
and further show the important factors which must be taken into account, in terms of
the process conditions and the tool concept, when fabricating thermoset based polymer
bonded magnets.
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This paper aims to investigate the influence of the material, the process parameters,
and particularly the tool concept, on the magnetic properties and the filler orientation of
thermoset based polymer bonded magnets with a multipolar magnetic structure fabricated
in the injection moulding process. Based on the general understanding of the material
behaviour of thermosets in polymer bonded magnets [13–15], design parameters are de-
fined for thermoset based polymer bonded multipolar ring magnets. The investigations are
based on the two matrix materials EP and PF, with the hard magnetic filler SrFeO and a
filler grade between 40 and 70 vol.-%. This paper only deals with the influence of SrFeO
as a hard magnetic filler, as this is currently the favoured material from an environmental
point of view. NdFeB is a limited resource. Mainly, the impact of the tool concepts, such
as the gating system or the material of the sleeve, is discussed. The tool concept highly
influences the strength of the outer magnetic field and the flow conditions. Both factors
are important in terms of the orientation of the fillers and therefore, the usage of the full
magnetic potential. It should be taken into account that the high tool temperature (Tt) in
terms of thermosets in the injection moulding process limits the possible strength of the
outer magnetic field due to the dependency on the magnetic properties and the temperature.
The design parameters are defined in terms of reaching an ideally high magnetic property
(represented by the remanence, BR) and a low deviation (∆s) of the pole division, as well
as an optimal particle orientation in the middle of the pole (0◦) and the pole pitch (90◦),
according to the outer magnetic field. The design parameters portrayed in this paper reveal
an important indication of the construction of thermoset based polymer bonded magnets
applied in complex geometries, such as drive technology, and are therefore essential for
expanding the applications of bonded magnets.

2. Materials and Methods
2.1. Material

The experiments were conducted using the two thermoset based matrix materials
epoxy resin (EP|type: EPOXIDUR EP 3681 E) and phenolic resin (PF|type: RESINOL EPF
87120), both obtained from the manufacturer Raschig GmbH (Ludwigshafen, Germany).
These two matrix materials are a pre-mixture of resin, hardener, and catalyst. Further,
EP resin also contains some carbon black pigments. However, the exact composition is
confidential and is a business secret of the manufacturer. The density (φM) of the two matrix
materials is similar, with a value of 1.225 g·cm−3 for EP, and 1.292 g·cm−3 for PF. However,
the pure matrix materials are significantly different in terms of the reaction kinetics and
the viscosity behaviour, as the reaction turnover α is shifted to lower temperatures and
times in terms of PF, and the minimum complex viscosity reaches higher values in terms
of PF, with a faster response behaviour during the curing relative to that of EP. These
differences are mainly based on the varying reaction mechanisms of the two resins. These
two material systems are frequently used within thermosets and in the field of drive
systems. In addition, both are representatives of the step growth reaction, whereby EP
corresponds to polyaddition and PF to polycondensation [7]. Since a chain growth reaction
leads to a significant time restriction with regards to the orientation of fillers relative to the
curing reaction, only chain growth reactions were considered in the context of the paper. A
typical representative of each of the two reaction types (polyaddition and polycondensation)
was selected.

Within the material system, the hard magnetic filler was kept constant using strontium-
ferrite-oxide (SrFeO), of the anisotropic type OP-71 (Dowa Holdings Co., Ltd., Tokyo, Japan).
The density (φF) of the hard magnetic filler is 5.38 g·cm−3, with a mean particle size of
4.87 µm numerically and 1.94 µm volumetrically. The remanence (BR) of the pure hard
magnetic filler reveals a value of 439 mT. The filler grade was varied between 40 and
70 vol.-% in 15 vol.-% steps.
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2.2. Fabrication of the Test Specimens

Within the first step of the fabrication of the test specimens, the pure materials (ma-
trix/hard magnetic filler) were manually premixed using the appropriate amount of the
components. The mixture was placed in a twin-screw extruder (type: KraussMaffei Berstorff
ZSE 25Ax45D, KraussMaffei Group, Munich, Germany) to fabricate the compounds using
a constant speed of 80 min−1 and a throughput of 2 kg·h−1 to keep the temperature impact
through sheering as low as possible and to prevent curing during the compounding process.
The temperature was set between 50 ◦C and 90 ◦C from the entry to the nozzle. After the
compounding process, the material was pelletized.

Afterward, the test samples of multipolar ring samples were produced under pressure
control by an injection-moulding machine (type: KraussMaffei KM 80-380 CX DUR/03,
KraussMaffei Group, Munich, Germany) with a screw diameter of 30 mm. The circular test
samples revealed an outer diameter of 50.6 mm and an inner diameter of 22.6 mm. Within
this investigation, the process parameters and the tool concept were changed. Therefore,
Table 1 shows the process conditions with respect to the reference setting (highlighted in
grey) and the variation of the holding pressure (ph) and the heating time (th). The fact that
the two different reaction mechanisms in the resins lead to the adoption of the process
conditions, mainly due to the shift of the reaction turnover α to higher temperatures and
longer times in terms of EP, must be taken into account. Since the thermosets are highly
affected by temperature and time, further changes of the process conditions, such as the
injection velocity (vin) or the mass temperature (Tm) are not possible in terms of preventing
fast curing prior to the cavity.

Table 1. Process parameters for injection moulding to fabricate test samples (EP/PF with SrFeO)
(reference setting highlighted in grey).

Process Parameters Matrix Material

EP PF
mass temperature (Tm) in ◦C 85 85
tool temperature (Tt) in ◦C 190 180
injection speed (vin) in mm·s−1 15 15
holding pressure (ph) in bar 50 250 450 650 50 250 450 650
heating time (th) in s 200 250 45 90

Table 2 reveals the changes in the tool concept in terms of the gating position, the gating
system, the material of the sleeve around the cavity, the pole division, and the thickness of
the sample. The reference setting is again highlighted in grey. The differentiation of the
material of the sleeve around the cavity has a high impact on the actual magnetic strength
in the cavity with respect to the outer magnetic field, as it shields the cavity from the outer
magnetic field relative to the material of the sleeve. If the material of the sleeve has a high
magnetic permeability, the magnetic field is guided from one outer magnet through the
sleeve to the next magnet, which significantly reduces the magnetic field. On the other
hand, if the magnetic permeability of the sleeve is low, the magnetic field is directed from
one outer magnet through the cavity to reach the next outer magnet.

The 24 and 48 poles, which were equally distributed on the circumference of the
ring sample, were summarized in so-called characteristic poles. In terms of 24 poles, the
characteristic pole A depicts the gating position, and F or G, with respect to the gating
position, reveal the weld line. Equivalent to 48 poles, the characteristic pole A is located
at the gating position, and L or M (relative to the gating position) are located at the weld
line. Figure 1 reveals the characteristic poles relative to the pole division (24 poles: A and B;
48 poles: C and D) and the gating position (middle of the pole: A and C; pole pitch: B and
D) in terms of a two pinpoint system. In Figure 1C,D, only every second characteristic pole
is named, and every fifth number of the poles is shown to ensure a high level of clarity.
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Table 2. Variation of the tool concept for injection moulding test samples (EP/PF with SrFeO)
(reference setting highlighted in grey).

Tool Concept Variations
gating position middle of the pole pole pitch -
gating system two pinpoint system umbrella system

material of the sleeve (relative
magnetic permeability µr)

steel 1.1730
(µr > 1)

PEEK-GF
(µr = 1.04)

Ferro-Titanit-
Cromoni
(µr = 1.1)

pole division 24 48
thickness of the sample 5 10 15
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Figure 1. Multipolar bonded ring samples relative to the pole division (24 poles [named by 1 to
24|characteristic name: A to F/G]: (A,B); 48 poles [named by 1 to 48|characteristic name: A to
L/M]: (C,D)) and the gating position (middle of the pole: (A,C); pole pitch: (B,D)) in terms of a two
pinpoint system.

2.3. Characterization
2.3.1. Differential Scanning Calorimetry (DSC) following DIN EN ISO 11357 [16]

To characterize the temperature dependent reaction kinetic of the compounds, differ-
ential scanning calorimetry (type: DSC 2500, TA Instruments, New Castle, DE, USA) was
used, under nitrogen atmosphere. Within the dynamic measurement, about 5 mg of the
samples were placed into an aluminium pane and heated at a rate of 20 K·min−1, for EP,
and 5 K·min−1, for PF, between 0 ◦C and 300 ◦C. The difference in the heating rate was nec-
essary due to the different reaction kinetics of the two resin types. The classification of the
dynamic reaction kinetics was based on the reaction turnover α (according to Equation (1))
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in the first heating cycle, with a total specific enthalpy ∆Htot;1 and the specific enthalpy
∆Hj at the temperature step j.

α =
∆Hj

∆Htot;1
(1)

2.3.2. Determination of the Viscosity Behaviour Based on a Rotational Viscometer,
According to DIN EN 6043 [17]

The temperature dependent viscosity behaviour was defined using a rotational vis-
cometer (type: Discovery Hybrid Rheometer 2, TA Instruments, New Castle, DE, USA),
based on two plates with a shearing load. After reaching the starting setup of each measure-
ment, a shell was placed around the sample, and the chamber was floated with nitrogen.
The samples were analysed at temperatures between 80 ◦C and 200 ◦C, with a constant
heating rate of 5 K·min−1 for both matrix materials, and were characterized by the mini-
mum viscosity (ηmin). Further, the frequency was kept constant at 1 Hz, with a deformation
of 0.01%.

2.3.3. Magnetic Properties

Previous investigations [13,14,18] revealed that in terms of thermoset based polymer
bonded magnets fabricated in the injection moulding process, a further magnetization
step outside of the cavity is necessary to access the full magnetic potential of the materials.
Therefore, within these investigations, the characteristic poles representative of the gating
position, the weld line, and the pole in between those two positions were analysed in terms
of the magnetic properties after a full magnetization had been guaranteed. Samples with
the dimensions of 5 × 5 × 5 [cm3] were prepared from the multipolar ring sample taken
from the outer diameter using a milling machine, and the final magnetization was ensured
usinga pulse magnetizer (type: Im-12220-U-MA-C, Magnet-Physik Dr. Steingroever GmbH,
Cologne, Germany) and a magnetic device (type: MV D30 × 30 mm F-TC, Magnet-Physik
Dr. Steingroever GmbH, Cologne, Germany). The magnetic properties were analysed in
terms of the parameter remanence (BR) using a permagraph (type: C-300, Magnet-Physik
Dr. Steingroever GmbH, Cologne, Germany).

Further, the multipolar ring samples were placed in a defined position using a clamp-
ing device and the deviation of the pole division ∆s was analyzed using a hall sensor
(Magnet-Physik Dr. Steingroever GmbH, Cologne, Germany) and a rotary encoder (Hei-
denhaim GmbH, Traunreut, Germany). The sample was placed on a shaft, which was
driven by a motor with a constant speed.

To define the design parameters in terms of the magnetic properties, the ideal magnetic
properties were set. Regarding the remanence (BR), the ideal parameter is based on the value
of the BR of the pure filler (439 mT) and the filler grade. This leads to the ideal parameter
of 175.6 mT for 40 vol.-% and 307.3 mT for 70 vol.-%, with respect to a full orientation of
the anisotropic fillers and therefore, a complete usage of the magnetic potential. On the
other hand, the ideal deviation of the pole division (∆s) is 0, which means that the pole
division is accurately realized for the 24 or 48 poles. The higher the deviation ∆s, the more
the poles become blurred, which leads to an undefined stadium on the outer surface of the
multipolar ring samples. The results for magnetic properties are portrayed in a diagram,
in which both the remanence (BR) and the deviation of the pole division (∆s) are depicted.
The more frequently the values reach a high value at the y-axis and a parallel low value on
the x-axis, the more suitable the setting in regards to increasing the magnetic properties.

2.3.4. Filler Orientation

The orientation of the fillers was defined at different values of the thickness relative to
the outer surface using samples prepared from the multipolar bonded ring. The thickness
was varied from 0 mm (outer surface) to 7.5 mm (middle of the sample thickness, using
15 mm thick rings) in 2.5 mm steps until the middle of the sample thickness was reached.
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For example, in terms of 5 mm thick ring samples, only two thickness steps of 0 mm and
2.5 mm were analysed.

The characteristic poles representative of the gating position, the weld line, and the
pole in between those two positions were separated from the full sample by a water-cooled
saw, with minimal temperature input. Figure 2 exemplarily shows the characteristic pole
and the position of the preparation.
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Figure 2. Characteristic pole [named A|B or F|G] (example of gating position (arrow) and weld line
(red dot line)), as well as preparation position relative to the outer surface.

The prepared samples were embedded in cold-curing epoxy resin (type: Epofix, Struers
GmbH, Ottensoos, Germany) and subsequently polished until the first thickness mark was
reached. The images were captured by a stereo microscope (type: Axio Zoom.V16, Carl
Zeiss AG, Oberkochen, Germany), while different positions relative to each characteristic
pole were analysed. The positions at which the images were captured were marked by I to
III at the pole pitch and by i to ii at the middle of the pole. After the images were captured
relative to the thickness, the next thickness mark was prepared by further polishing.

Using a grey scale threshold analysis, the matrix material and the fillers could be
separated within the images so that the orientation of the fillers could be defined with
respect to the longest axis of each filler.

Again, the ideal filler orientation must be defined in order to set the design parameters.
The orientation at the pole pitch (positions I to III) should reveal 90◦ in terms of the outer
magnetic field, while it should reach 0◦ at the middle of the pole (positions i to iii). Both
parameters are portrayed in one diagram, where again a high value on the y-axis and a low
value on the x-axis is the goal. The poorest rating for a parameter setting is provided in
terms of a low y-axis and a high x-axis value.

3. Results and Discussion
3.1. Differential Scanning Calorimetry (DSC), following DIN EN ISO 11357 [16]

Figure 3 depicts the route of the reaction turnover α in terms of the DSC measurement
for the SrFeO filler and the variation of the filler grade, as well as the matrix material, with
EP shown in Figure 3A and PF shown in Figure 3B. The route shows a typical s-curve, with a
high rate of change in the middle section. Further, there is a tendency for an increasing filler
grade to shift the routes toward lower temperatures. This goes along with the reduction of
the matrix amount in the material system, which reduces the material proportion, taking
place at the chemical reaction. However, the effect is only small. More importantly, the
route of the reaction turnover α is shifted to lower temperatures in terms of a PF matrix,
with an offset of about 20 ◦C between the two material systems. This is mainly important
with respect to the process parameters, as the curing of PF starts at lower temperatures, and
therefore, the material is more affected by temperature as a trigger of the chemical process.
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Figure 3. Reaction turnover α relative to the DSC measurement with different matrix materials
((A): EP; (B): PF) and filler grade (filler: SrFeO).

3.2. Determination of the Viscosity Behaviour Based on a Rotational Viscometer, According to DIN
EN 6043 [17]

Figure 4 reveals the change in the minimum of the viscosity (ηmin) with respect to
the changing filler grade and the matrix material. There is a slight tendency for a further
reduction in ηmin when using an EP based material system, at least for lower filler grades.
The filler grade itself has a higher impact on the minimum viscosity (ηmin), as the increase
in ηmin is about one decade for a 30 vol.-% higher filler grade, from 40 up to 70 vol.-%.
The higher viscosity might reduce the movability of the fillers throughout the orientation
process in the tool, thus, reducing the magnetic properties [7]. Further, a particle interaction
becomes more likely as a higher filler grade reduces the distance between the fillers, and
therefore, the probability that each filler interferes with a neighbouring filler increases [19].
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3.3. Magnetic Properties

The results of the magnetic properties and the filler orientation are evaluated below.
In particular, the data regarding pole deviation and, in some cases, the orientation of the
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fillers, show a significant deviation. This is due to individual outliers within the process
and can be explained by the very sensitive process of injection moulding thermosets. For
reasons of transparency, the authors have shown the data in the manuscript; however,
process reliability still needs to be improved.

Figure 5 shows the influence of the matrix material (A) and the filler grade (B) on
the magnetic properties in terms of the remanence (BR) and the deviation (∆s) of the pole
division. The process conditions and the tool concept are kept standard. With PF as the
matrix material, a slightly higher value for BR and a lower value for ∆s can be reached
relative to EP. Specifically, the standard deviation of ∆s is reduced due to the use of PF. An
increasing filler grade (i.e., in a PF matrix) increases the value of BR and decreases both the
value and the standard deviation of ∆s. It is assumed, that the higher filler grade reduces
the space between each filler, which hinders particle interaction, as it is more likely that a
filler interferes with a neighbouring filler and orientates it similarly. With that, the magnetic
potential is highly utilized, and the pole division is mapped quite accurately. Therefore,
with a filler grade of 70 vol.-%, almost 90% of the ideal parameter of BR is reached, whereas
only 58% is gained for a filler grade of 40 vol.-%. In terms of the magnetic properties, PF
should be used as matrix material, along with a high filler grade, in order to increase the
magnetic performance.
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to the matrix material (A) and filler grade (B) (filler: SrFe; process parameters and tool concept:
reference settings).

The influence of the process parameters in terms of the holding pressure (ph) (A)
and the heating time (th) (B) on the magnetic properties is shown in Figure 6, using the
matrix material PF and a moderate filler grade of 55 vol.-%. In addition to the changed
process parameters, the process conditions and the tool concept are kept standard. Due to
the increase in ph, the remanence (BR) is increased up to almost 80% relative to the ideal
parameters, and both the value and the standard deviation of ∆s are reduced relative to a
low ph value. The increase in th leads to a reduction of BR, with no significant impact on
the deviation (∆s). Therefore, high ph and a low th values should be reached in order to
optimize the magnetic properties.
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Figure 6. Magnetic properties (remanence (BR) and deviation (∆s) of the pole division) relative to the
holding pressure (ph) (A) and heating time (th) (B) (matrix: PF; filler: SrFe; filler grade: 55 vol.-%;
process parameters and tool concept: reference settings).

The impact of the tool concept on the magnetic properties is shown in Figure 7 in terms
of the variation of the gating position (A), the gating system (B), the sleeve material (C), the
pole division (D), and the sample thickness (E). The results are shown exemplarily for the PF
matrix material and a moderate filler grade of 55 vol.-%, while the process conditions and
the tool concept are kept standard. Due to the change in the gating position from the middle
of the pole to the pole pitch, the value of the remanence (BR) decreases, while the value of
the deviation (∆s) of the pole division, together with the standard deviation, is significantly
increased. Therefore, the location of the gating position at the pole pitch should not be the
goal in terms of the improvement of the magnetic properties. The change of the gating
system from a two-pinpoint system to an umbrella system increases the value of BR slightly;
however, it further shifts the ∆s to higher values as well. With that, the choice between the
two gating system investigated must be made in terms of the preferred low deviation (∆s)
of the pole division or the preferred high value of the remanence (BR). The sleeve material
significantly affects the strength of the outer magnetic field and with that, the possible
orientation of the hard magnetic fillers. This orientation is directly proportional to the value
of BR. Therefore, the two sleeve materials of PEEK-GF and Ferro-Titanit-Cromoni reach a
similar BR value, but as a sleeve material, PEEK-GF leads to higher values of ∆s, with higher
standard deviations. It can be assumed that the change in the thermal conductivity of the
two materials is responsible for the shift in ∆s. With that, Ferro-Titanit-Cromoni should
be the sleeve material of choice. The 1.1730 steel sleeve material is not suitable in terms
of magnetic properties, as the remanence (BR), and to a lesser extent, the deviation (∆s)
of the pole division is reduced relative to the material Ferro-Titanit-Cromoni. Due to the
increase in the pole division from 24 to 48 poles, not only BR, but also ∆s is highly improved.
Both values reach nearly the optimum of the parameters, which means that especially due
to the small pole width, the orientation of the particles is supported, and the magnetic
potential is almost fully utilized. Further, the pole division is mapped almost completely.
Therefore, thermoset based polymer bonded magnets are highly suitable for a small pole
width. The increase in the sample thickness shows a constant increase in the value of BR. It
is assumed that the particles have more space for orientation in terms of an increase in the
sample thickness, as the degree of limitation due to the cavity is reduced. However, the
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increase in the sample thickness increases the standard deviation of ∆s, although the value
of ∆s is reduced. When the increase in BR reaches only 21% and that of ∆s becomes more
than 300%, the lower sample thickness should be the goal in terms of the reduction of the
standard deviation of ∆s.
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3.4. Filler Orientation

In addition to the magnetic properties, the orientation in the middle of the pole and
the pole pitch were defined to further understand the change in the magnetic properties.
With respect to the two different matrix materials and the filler grade, Figure 8 shows the
change of the orientation comparing EP and PF (A) and the filler grade between 40 and
70 vol.-% for a PF matrix (B). The process conditions and the tool concept are kept constant,
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and the orientation is investigated in the middle of the sample thickness. The orientation is
slightly improved in terms of the PF matrix compared to the EP matrix in both the middle
of the pole and the pole pitch, with lower standard deviations in terms of PF. In terms of
the increasing filler grade, the orientation is highly improved with an increasing amount of
fillers, which goes along with the change in the remanence (BR) and the assumption of a
supportive effect of neighbouring particles. With that, the orientation results fit with the
magnetic properties and the goals for a PF matrix, as well as a high filler grade in terms of
improved properties.
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parameters and tool concept: reference settings).

In Figure 9, the influence of the process parameters (holding pressure (ph) (A) and
heating time (th) (B)) on the orientation is portrayed for a PF matrix material and a moderate
filler grade of 55 vol.-%, while the process conditions and the tool concept are kept constant,
except in regards to the two analysed factors. Again, the orientation was investigated in the
middle of the sample thickness. With increasing holding pressure (ph), the orientation for
both the middle of the pole and the pole pitch is improved and shifts the orientation to the
ideal position of 0◦ in the abscissa and 90◦ in the ordinate. Further, the standard deviation
is significantly reduced in terms of a high ph value. The change in the orientation relative
to ph correlates with the magnetic properties; however, the influence of ph on the magnetic
properties is higher than that on the orientation. Therefore, the improved conditions of the
magnetic properties in terms of a high ph value cannot be defined only by the analysed
orientation. Possible further reasons for this improvement could lie in the orientation,
which might be further improved within the whole sample, but which was not analysed or
improved in regards to flow conditions. The increase in the heating time (th) reduces the
orientation, especially in terms of the orientation at the pole pitch, where a high standard
deviation is reached. It is assumed that the reduction of the magnetic properties due to
high th relies in the diminished orientation. Further, the longer heating time span could
lead to chemical reactions and the production of by-products which hinder the orientation
of the fillers along the outer magnetic field. Similar to the magnetic properties, a high ph
and a low th value should be the goal in order to improve the sample performance.
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Figure 9. Orientation relative to the holding pressure (ph) (A) and heating time (th) (B) (matrix: PF;
filler: SrFeO; filler grade: 55 vol.-%; process parameters and tool concept: reference settings).

In addition to the influence of the material and the process conditions, the impact of
the tool concept in terms of the orientation was also investigated. Therefore, Figure 10
shows the change in the orientation in terms of the variation of the gating position (A), the
gating system (B), the sleeve material (C), the pole division (D), and the sample thickness
(E) in regards to a PF matrix material and a filler grade of 55 vol.-%. The process conditions
and the tool concept are kept constant, despite the variations. Initially, the orientation was
investigated in the middle of the sample thickness.

The orientation in the pole pitch is highly reduced, and the standard deviation is
increased with a gating position at the pole pitch, which goes along with the reduction of
the magnetic properties. Therefore, the gating system should be allocated in the middle of
the pole to improve both the orientation and the magnetic properties. With respect to the
gating system, the orientation is slightly improved in terms of the two-pinpoint system,
which does not agree with the results in terms of the magnetic properties, as the remanence
(BR) is improved in terms of the umbrella system.

When the change in the orientation of the gating system is rather low, it is assumed
that the flow conditions, which highly affect the deviation (∆s) of the pole division, are
more likely to interfere with the magnetic properties. Taking only the orientation into
account, the two-pinpoint system should be selected. In terms of the sleeve material, a
similar orientation level is reached for PEEK-GF and Ferro-Titanit-Cromoni, with a slightly
better orientation for PEEK-GF. In regards to the use of 1.1730 steel as sleeve material, the
orientation is highly reduced (compared to the other two materials) and reaches a high
standard deviation. Taking both the magnetic properties and the orientation into account,
the Ferro-Titanit-Cromoni sleeve material should be selected, as not only the orientation
and the remanence (BR) are improved, but also the deviation (∆s) of the pole division.
With respect to the orientation in an isolated view, the PEEK-GF sleeve material should be
selected. Similar to the results for the magnetic properties, the increase in the pole division
up to 48 poles increases the orientation in both directions (at the middle of the pole and at
the pole pitch) and reduces the standard deviation. Therefore, thermoset based polymer
bonded magnets prove to be applicable in terms of small pole division. The orientation
relative to the sample thickness is reduced in terms of the middle of the pole for a 10 and
15 mm sample thickness, as well as for a pole pitch for 10 mm. The orientation was defined
in the middle of each sample thickness. Further, the orientation in the outer layer was
investigated as well, where the orientation is highly reduced for each thickness due to the
limitation of the cavity. This reduction could be proven for the outer surface (0 mm) at each
sample thickness. The change in the depth to 2.5 mm already improved the orientation.
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This depth equals the sample middle for the 5 mm thickness, but reveals only one-sixth
of the thickness for the 15 mm thickness. When the proportion of the layers with limited
orientation due to the cavity is higher for a small sample thickness, the orientation is less
hindered for a high sample thickness. The slight reduction in the orientation in the middle
of the sample with increasing sample thickness might accompany particle interactions.
However, in terms of the orientation itself, the sample thickness selected should be rather
large in order to reduce the influence of the layers when the orientation is limited due
to the cavity. Taking the magnetic properties and the orientation into account, a small
sample thickness should be the goal in order to reduce the standard deviation in terms of
the deviation (∆s) of the pole division.
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parameters and tool concept: reference settings).

4. Conclusions

Within this paper, the influence of the material system, the process conditions, and the
tool concept was investigated in terms of the optimization of the magnetic properties, and
the orientation in multipolar bonded magnets based on thermosets. Within the material
system, a hard magnetic filler, SrFeO, was chosen. The matrix material differed in terms
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of EP and PF, as well as in regards to the filler grade, which was modified between 40, 55,
and 70 vol.-%. To generate a basic understanding of the material behaviour, the reaction
turnover (α) relative to the temperature and the minimum viscosity (ηmin) was analysed.
In terms of α, the s-curve is shifted towards lower temperatures for PF and reveals the
tendency towards lower temperatures in terms of an increasing filler grade. The minimum
viscosity (ηmin) is increased with higher filler grades.

Mainly, the improvement of the magnetic properties in terms of the remanence (BR)
and the deviation (∆s) of the pole division, as well as the orientation in the middle of the
pole and the pole pitch, were analysed to define the design parameters for thermoset based
polymer bonded magnets with a multipolar ring structure. Table 3 depicts a summary of
the best parameters with respect to each variation, investigated in terms of the material
system, the process parameters, and the tool concept. For most of the variations, the
suggested design parameters are equal for both criteria—the magnetic properties and the
filler orientation. Different parameters are suggested in terms of the sleeve material and
the sample thickness. In terms of the sample thickness and considering both criteria, Ferro-
Titanit-Cromoni should be selected, as PEEK-GF reveals a similar behaviour in terms of the
remanence (BR) and the orientation, but a lower performance in terms of the deviation (∆s)
of the pole division. Within the sample thickness, a small value should be the goal in order
to improve the deviation (∆s) of the pole division, in addition to the other two parameters.

Table 3. Design parameters to optimize the magnetic properties and filler orientation relative to the
material system, the process parameters, and the tool concept.

Parameters Design Parameter to Optimize

Magnetic Properties Filler Orientation

m
at

er
ia

l

matrix material PF PF

filler grade 70 vol.-% (high) 70 vol.-% (high)

pr
oc

es
s

holding pressure (ph) 650 bar (high) 650 bar (high)

heating time (th) 45 s (low) 45 s (low)

to
ol

gating position middle of the pole middle of the pole

gating system
umbrella (in terms of high value
for BR)|two-pinpoint (in terms

of low deviation (∆s))
two pin point

sleeve material Ferro-Titanit-Cromoni PEEK-GF

pole division 48 (high) 48 (high)

sample thickness 5 mm (low) 15 mm (high)

Further, the design parameters should be transferred to other applications to enable
the usage of thermoset based polymer bonded magnets within, i.e., motor applications.
Within this transmission, the validity of the design parameters in terms of more complex
geometries should also be evaluated.

Author Contributions: U.R.: conceptualization, methodology, validation, investigation, writing—
original draft, visualization; D.D.: writing—review and editing, project supervision. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Research Foundation (DFG) within the project
DFG DR 412/36-1 “Duroplastgebundene spritzgegossene Dauermagneten mit definierter Mag-
netisierungsstruktur”. We acknowledge financial support from Deutsche Forschungsgemeinschaft
and Friedrich-Alexander-Universität Erlangen-Nürnberg, within the funding programme “Open
Access Publication Funding”.

Institutional Review Board Statement: Not applicable.



Magnetism 2024, 4 172

Informed Consent Statement: Not applicable.

Data Availability Statement: Restrictions apply for the availability of these data. Data are available
with the permission of the author.

Acknowledgments: We want to thank the German Research Foundation (DFG) for funding the
project DFG DR 412/36-1 “Duroplastgebundene spritzgegossene Dauermagneten mit definierter
Magnetisierungsstruktur”, as well as Friedrich-Alexander-Universität Erlangen-Nürnberg for provid-
ing funding via the programme “Open Access Publication Funding”.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Cassing, W.; Kuntze, K.; Ross, G. Dauermagnete: Mess- und Magnetisierungstechnik, 3rd ed.; expert-Verlag: Renningen, Germany,

2018.
2. Rösel, U. Zum Spritzgießen multipolarer kunststoffgebundener Dauermagnete auf Duroplast-Basis. Ph.D. Thesis, Friedrich-

Alexander-Universität Erlangen-Nürnberg, Erlangen, Germany, 2023.
3. Reppel, G.W. Duroplastgepresste Magnete—Werkstoffe, Verfahren und Eigenschaften. In Kunststoffgebundene Dauermagnete:

Werkstoffe, Fertigungsverfahren und Eigenschaften; Ehrenstein, G.W., Drummer, D., Eds.; Springer VDI: Düsseldorf, Germany, 2004;
pp. 14–36.

4. Drummer, D. Verarbeitung und Eigenschaften Kunststoffgebundener Dauermagnete. Ph.D. Thesis, University of Erlangen-
Nuremberg, Erlangen, Germany, 2004.

5. Kurth, K.; Drummer, D.D. Influences on the Magnetic Properties of Injection Molded Multipolar Rings. Int. Polym. Process. 2016,
31, 356–363. [CrossRef]

6. Kurth, K. Zum Spritzgießen polorientierter kunststoffgebundener Dauermagnete. Ph.D. Dissertation, Lehrstuhl für Kunst-
stofftechnik, Erlangen, Germany, 2019.

7. Baur, E.; Brinkmann, S.; Osswald, T.; Rudolph, N.; Schmachtenberg, E. Saechtling Kunststoff Taschenbuch, 31st ed.; Carl Hanser
Verlag: München, Germany, 2013.

8. Ivers-Tiffée, E.; Münch, W. Werkstoffe der Elektrotechnik, 10th ed.; B. G. Teubner Verlag: Wiesbaden, Germany, 2007.
9. Hering, E.; Martin, R.; Stohrer, M. Physik für Ingenieure, 12th ed.; Springer Vieweg: Berlin, Germany, 2016.
10. Johannaber, F.; Michaeli, W. Handbuch Spritzgießen, 2nd ed.; Carl Hanser Verlag: München, Germany, 2004.
11. Krüger, G. Kunststoffgebundene und Metallische Magnete in Lösbaren Verbindungen; Carl Hanser Verlag: München, Germany, 2015.
12. Urschel, S.; Dolgirev, J. Energy- and resource saving synchronous reluctance motor for the use on circulation pumps. In

Proceedings of the IEEE 3th International Future Energy Electronics Conference and ECCE Asia (IFEEC 2017-ECCE Asia),
Kaohsiung, Taiwan, 3–7 June 2017.

13. Rösel, U.; Drummer, D. Correlation between the Material System and the Magnetic Properties in Thermoset-Based Multipolar
Ring Magnets. Magnetism 2023, 3, 226–244. [CrossRef]

14. Rösel, U.; Drummer, D. Correlation between the Flow and Curing Behavior of Hard Magnetic Fillers in Thermosets and the
Magnetic Properties. Magnetism 2021, 1, 37–57. [CrossRef]

15. Rösel, U.; Drummer, D. Understanding the effect of material parameters on the processability of injection-molded thermosets-
based bonded Magnets. Magnetism 2022, 2, 211–228. [CrossRef]

16. Deutsches Institut für Normung e.V. Kunststoffe—Dynamische Differenzkalorimetrie (DSC): Teil 4: Bestimmung der spezifischen
Wärmekapazität, Beuth Verlag GmbH, Berlin 83.080.01. 2021. Available online: https://kunststoff-institut.de/alle-pruefungen/
kunststoffe-dynamische-differenzkalorimetrie-dsc-teil-4-bestimmung-der-spezifischen-waermekapazitaet-din-en-iso-11357-
4-2021-05-bestimmung-der-spezifischen-waermekapazitaet/ (accessed on 21 February 2023).

17. Deutsches Institut für Normung e., V. Viskosimetrie—Messug von Viskositäten und Fließkurven mit Rotationsviskosimetern:
Teil 1: Grundlagen und Messgeometrie, Beuth Verlag GmbH, Berlin 17.060. 2008. Available online: https://img.antpedia.com/
standard/files/pdfs_ora/20230613-DIN/DIN/5/DIN%2053019-1%202008-09.pdf (accessed on 22 February 2023).

18. Rösel, U.; Drummer, D. Simulationsgestützte Auslegung eines Spritzgießwerkzeuges zur Herstellung von kunststoffgebundenen
Dauermagneten auf Duroplast Basis. Werkst. Fert. 2022, 22–26.

19. Jung, I.D.; Kim, S.H.; Park, S.J.; Kim, S.J.; Kang, T.G.; Park, J.M. Rheological modeling of strontium ferrit feedstock for magnetic
powder injection molding. Powder Technol. 2014, 262, 198–202. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3139/217.3211
https://doi.org/10.3390/magnetism3030018
https://doi.org/10.3390/magnetism1010004
https://doi.org/10.3390/magnetism2030016
https://kunststoff-institut.de/alle-pruefungen/kunststoffe-dynamische-differenzkalorimetrie-dsc-teil-4-bestimmung-der-spezifischen-waermekapazitaet-din-en-iso-11357-4-2021-05-bestimmung-der-spezifischen-waermekapazitaet/
https://kunststoff-institut.de/alle-pruefungen/kunststoffe-dynamische-differenzkalorimetrie-dsc-teil-4-bestimmung-der-spezifischen-waermekapazitaet-din-en-iso-11357-4-2021-05-bestimmung-der-spezifischen-waermekapazitaet/
https://kunststoff-institut.de/alle-pruefungen/kunststoffe-dynamische-differenzkalorimetrie-dsc-teil-4-bestimmung-der-spezifischen-waermekapazitaet-din-en-iso-11357-4-2021-05-bestimmung-der-spezifischen-waermekapazitaet/
https://img.antpedia.com/standard/files/pdfs_ora/20230613-DIN/DIN/5/DIN%2053019-1%202008-09.pdf
https://img.antpedia.com/standard/files/pdfs_ora/20230613-DIN/DIN/5/DIN%2053019-1%202008-09.pdf
https://doi.org/10.1016/j.powtec.2014.04.073

	Introduction 
	Materials and Methods 
	Material 
	Fabrication of the Test Specimens 
	Characterization 
	Differential Scanning Calorimetry (DSC) following DIN EN ISO 11357 B16-magnetism-2929990 
	Determination of the Viscosity Behaviour Based on a Rotational Viscometer, According to DIN EN 6043 B17-magnetism-2929990 
	Magnetic Properties 
	Filler Orientation 


	Results and Discussion 
	Differential Scanning Calorimetry (DSC), following DIN EN ISO 11357 B16-magnetism-2929990 
	Determination of the Viscosity Behaviour Based on a Rotational Viscometer, According to DIN EN 6043 B17-magnetism-2929990 
	Magnetic Properties 
	Filler Orientation 

	Conclusions 
	References

