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Highly dense and magnetically anisotropic rare earth bonded magnets have been fabricated via packing
bimodal magnetic particles using a batch extrusion process followed by compression molding
technology. The bimodal feedstock was a 96 wt% magnet powder mixture, with 40% being anisotropic

Sm-Fe-N (3 um) and 60% being anisotropic Nd-Fe-B (100 um) as fine and coarse particles, respectively;
these were blended with a 4 wt% polyphenylene sulfide (PPS) polymer binder to fabricate the bonded

magnets. The hybrid bonded magnet with an 81 vol% magnet loading yielded a density of 6.15 g cm™

3

and a maximum energy product (BH),, of 20.0 MGOe at 300 K. Scanning electron microscopy (SEM)

indicated that the fine-sized Sm-Fe-N particles filled the gap between the large Nd-Fe-B particles.

Rietveld analysis of the X-ray diffraction data showed that the relative contents of the Nd,Fe;4B and
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SmyFe;7N3 phases were 61% and 39%, respectively, in the hybrid bonded magnet. The PPS binder coated

most of the magnetic particles homogeneously. Compared with the magnetic properties of the initial
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rsc.li/rsc-advances

1. Introduction

Rare earth permanent magnets such as Nd-Fe-B, have been
widely used in electric/hybrid vehicles, wind generators and
other consumer electronic devices.'® The full-density
(7.6 g cm ™) sintered or hot-deformed Nd-Fe-B magnets have
a maximum energy product (BH,,,) in the range of 50-55 MGOe
but are mechanically brittle and it is difficult to make compo-
nents with complex shapes and small sizes. On the other hand,
Nd-Fe-B bonded magnets have better mechanical properties
and can be made into magnetic components with a near-net
shape, although their energy product is low.* Conventionally,
bonded magnets are fabricated by injection molding and
compression molding and have a typical magnet powder
loading fraction between 65 and 80 vol%, respectively.” Additive
manufacturing (AM) is becoming a promising technique for

“Critical Materials Institute, Ames Laboratory, Ames, IA 50010, USA. E-mail:
nlebedim@ameslab.gov

*Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831,
USA. E-mail: paranthamanm@ornl.gov

“Tickle College of Engineering, The University of Tennessee, Middle Drive, Knoxville,
TN 37996, USA

“Manufacturing Sciences Division, Oak Ridge National Laboratory, 2350 Cherahala
Blvd, Knoxville, TN 37932, USA

“Institute for Advanced Composites Manufacturing Innovation, 2360 Cherahala Blvd,
Knoxville, TN 37932, USA

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nd-Fe-B and Sm-Fe-N powders, the reduction in the remanence, from the demagnetization curve, is
ascribed to the dilution effect of the binder, the non-perfect alignment, and the internal magnetic stray field.

bonded permanent magnet (PM) production.*** Compared to
the conventional subtractive methods of manufacturing, AM
has the advantage of components being formed into the net
shape without the requirement of special tools and the critical
rare earth raw materials are not wasted.

Besides the extrinsic magnetic properties of the magnet
powder itself, the magnetic performance of an anisotropic
bonded magnet depends on the volume fraction and the align-
ment of the easy magnetization directions of the particles. In our
previous work," we have shown that the magnetic alignment of
particles depends on the filling fraction of the magnetic powder,
binder type and magnetic field to align the particles during
processing. Depending on the particle loading fraction and the
rheological state of the binder during magnetic alignment,
a magnetic field strength of =1.5 T is enough to gain high
magnetic alignment of anisotropic Nd-Fe-B bonded magnets
with either nylon-12 or polyphenylene sulfide (PPS) as the binder.
One way to increase the powder filling fraction is to reduce the
content of the binder. However, a minimum content of the
binder is required to maintain sufficient mechanical strength in
the final products. For a fixed binder content, maximizing the
filling fraction of magnetic powder is a great challenge. It is well
known that particles of the same size can provide a close-packed
arrangement, providing 74% packing by volume, while the same
set of spheres in random closed-packing offers about 63% space
filling.'* However, in practice, the arrangement is not close-
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packed, and all particles are not the same size. Tailoring the
feedstock powder parameters such as particle size distribution
and shape can help develop high-quality additively manufactured
bonded magnets. The shape of the magnetic powder is limited by
the chosen manufacturing methods. Another way to increase the
volume fraction of the magnetic powder is the adoption of
feedstock powder with a bimodal size distribution, i.e., tailoring
the ratio between fine and coarse particles in the feedstock
powder." If the particle diameter ratio between fine and coarse
particles is greater than 10, the fine particles will mostly enter the
gaps between the coarse particles to improve the particle packing
fraction based on the Furnas model. Ideally, we would use the
same type of coarse and fine particles such as Nd-Fe-B or Sm-Fe-N
to investigate the bimodal size effect. The commercial aniso-
tropic Nd-Fe-B powders used for fabricating bonded magnets
such as MQA and Magfine have typical particle sizes of several
tens to several hundred micrometers. Unfortunately, MQA or
Magfine Nd-Fe-B powder will lose coercivity and also magnet
powder becomes very reactive in air when the powder size is
reduced to several micrometers.'®*2° On the other hand, Sm-Fe-N
powder can achieve high coercivity with a particle size of less
than several micrometres.** The varied dependence of coer-
civity on particle size is related to the different coercivity mech-
anisms.”*?¢ Hence, it is almost impossible to use either fine Nd-
Fe-B or coarse Sm-Fe-N powder for producing bonded magnets.
However, it is easy to prepare bimodal bonded magnets with Nd-
Fe-B and Sm-Fe-N as coarse and fine particle feedstocks,
respectively.

Several hybrid bonded magnets exist for other purposes. The
hybrid bonded magnet is composed of two or more different
types of magnetic powder to achieve a predefined target
performance such as maximum energy product or thermal
stability, etc.>”*> For example, the Nd-Fe-B/ferrite hybrid bonded
magnet shows magnetic properties that are lower as compared
to Nd-Fe-B but better than that of ferrite magnets.*”** However,
the Nd-Fe-B/Sm-Fe-N hybrid magnets have thermal stability
with magnetic properties that are better than those of Nd-Fe-B
bonded magnets.*® This provides additional choices for
making bimodal bonded magnets to achieve the large volume
fraction filling of magnetic particles and high magnetic
performance. Sm-Fe-N powder has a typical particle size of
several micrometers and similar magnetic properties to Nd-Fe-
B, which can function as fine particles in the preparation of
hybrid bonded magnets. Optimized processing conditions are
needed to pack the particles of the highly dense bonded
magnets by using polymer binders such as PPS, nylon, or epoxy
resin. The processing includes the following: (1) the magnetic
powder and binder are blended, and each magnetic powder is
coated with the binder to obtain the compounded pellets; (2)
there are several methods for packing the composite powders to
fabricate bonded magnets such as compression molding,
injection molding, additive manufacturing, etc.

We have designed and fabricated bonded magnets with
bimodal-sized magnetic powders as feedstock via compounding
with a batch mixer followed by compression molding. Here, the
Magfine anisotropic Nd-Fe-B powder and Sm-Fe-N were selected
as coarse and fine particles to maximize the filling fraction of the
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magnetic powder and the magnetic performance of the bonded
magnets. The microstructure and magnetic properties have been
characterized by X-ray powder diffraction (XRD), scanning elec-
tron microscopy (SEM) and magnetic property measurements.
We have also discussed the potential pathways to further improve
the performance of anisotropic Nd-Fe-B/Sm-Fe-N hybrid bonded
magnets prepared using bimodal-sized magnetic particles as the
feedstock powder for additive manufacturing.

2. Experimental methods

We selected the anisotropic Nd-Fe-B (Magfine) powder and Nd-
Fe-B + Sm-Fe-N + polyphenylene sulfide (PPS) pellets (Magfine
MF15P) as feedstock for preparing bonded magnets using
compression molding. To achieve the optimized magnetic
performance, we controlled the ratios of the coarse NdFeB
powder and fine SmFeN powder, the content of the binder, and
the processing conditions. The ratio of NdFeB to SmFeB was
selected as 3:2 based on the initial packing. The PPS content
was reduced to 4 wt% to increase the relative fraction of
magnetic powder. ie., the composite pellets with a mixture of
96 wt% magnetic powder (i.e., a mixture of 60% anisotropic Nd-
Fe-B and 40% anisotropic Sm-Fe-N) in 4 wt% PPS binder. To
ensure the homogeneous coating of binder on the magnetic
particle surface with low binder content, we blended the
magnetic powder and PPS using a Brabender batch mixer and
extruded the pellet using a Berstorff twin screw extruder. The
extruded pellets were hot-pressed using a 30 ton Carver
hydraulic press at a temperature of 200 °C to achieve high
density. The details of extrusion and compression molding
conditions have been published earlier.*

The commercial Magfine MF15P composite magnet has
a magnetic remanence B, of 13.2 kGs, a coercivity H; of 14 kOe
and a maximum energy product (BH),.x of 41 MGOe. The
MF15P powder has an average particle size of 100 pm. The Sm-
Fe-N anisotropy magnetic powder has an average particle size of
3 um with magnetic properties of B, = 13 kGs, H.; = 10 kOe and
BH,, = 36 MGOe. No (or negligible) kinks were expected in the
demagnetization curves of the hybrid bonded magnet due to the
similar magnetic properties of these two kinds of powder. The
big particle size difference meets the requirement for bimodal
close packing conditions as discussed above. Given that there is
porosity in a conventional bonded magnet, the actual volume
fraction of magnetic particles (Vpardcie) in hybrid bonded
magnets can be estimated based on the density of bonded
magnets (p,,,) and magnetic particles (p;), and the mass fraction
of magnetic particles (M;), i.e., as shown in formula (1):

n M;
=1 Pi

(1)

Vparlicle = Pm

The melting point of the binder in the bonded magnet was
determined via Differential Scanning Calorimetry (DSC)
measurements using a NETZSCH STA449F3 Jupiter thermal
analyzer. The melting point was about 560 K, slightly higher than
that of pure PPS (553 K). The magnetic alignment was achieved

© 2023 The Author(s). Published by the Royal Society of Chemistry
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through magnetic field annealing under an applied external
magnetic field of 1.5 T at a temperature of 590 K. The magneti-
cally aligned bonded magnets were tested in a Quantum Design
MPMS-3 Vibration Sample Magnetometer (VSM) at 300 K. The
microstructures of the bonded magnets were observed using
a Field-Emission Scanning Electron Microscope (FE-SEM, FEI
Teneo). XRD data were collected using a PANalytical X'Pert PRO
diffractometer with Co K, radiation. Rietveld analysis of the XRD
data was performed using the GSAS-II package.**

3. Results and discussion

3.1. The design and fabrication of bonded magnets with
bimodal magnetic particles

When monodisperse spheres are transferred into a container and
tapped or vibrated to cause them to settle, they are observed
experimentally to achieve packing densities of between 0.60 and
0.64, which is typical for the random closed packing situation.*® For
the bimodal packing of very large coarse particles with very small
fine particles (the diameter ratio is higher than 10), the fully dense,
coarse particles replace the space occupied by the fine particles and
the associated pore volume to improve the filling fraction. This can
also be understood as the fine particles occupying the pores
between coarse particles to maximize the total filling fraction of
particles. The commercial Nd-Fe-B anisotropic powder for the
bonded magnet (Magfine), prepared by the HDDR (Hydrogenation-
Disproportionation-Desorption-Recombination)  process, has
a typical particle size of 100 pm. The Sm-Fe-N anisotropic powder
has a typical particle size of 3 pm and comparable magnetic
properties (36 MGOe) as those of Magfine Nd-Fe-B particles (41
MGOe). As a starting point, we selected 60% of coarse particles (Nd-
Fe-B) and 40% of fine particles (Sm-Fe-N) as the feedstock magnetic
powder for compression molding to study the effects of bimodal-
sized particles on the filling fraction and magnetic properties.
The as-fabricated bonded magnet has a density of 6.15 g cm >,
Based on the formula (1), the estimated volume filling fraction is
0.81 for magnetic particles (Nd-Fe-B + Sm-Fe-N), which is much
higher than the theoretical maximum value of close-packed
mono-sized particles (0.74). We ascribe the high filling fraction
to the bimodal particle packing effect, as schematically shown in
Fig. 1. The fine Sm-Fe-N particles occupy the gap between the
large Nd-Fe-B particles and increase the total filling fraction of
magnetic powder and reduce the porosity. This agrees with the
random close-packing model of particles as discussed above.
We performed SEM and XRD analyses on the bonded
magnets to gain more insight into the bimodal particle distri-
bution. As shown in Fig. 2, the fine-sized Sm-Fe-N particles are
well mixed with the binder (PPS) and distributed between large
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Fig. 1 Scheme of bimodal particle packing to improve the packing
fraction.

i 5.00kV 0.80 nA 250 x ABS

Fig. 2 SEM of the Nd-Fe-B/Sm-Fe-N hybrid bonded magnet. The
large Nd-Fe-B particles are surrounded by fine Sm-Fe-N powder.

Nd-Fe-B particles. However, further increasing the homogenous
distribution of fine particles may improve the filling fraction of
magnetic particles.

Fig. 3 displays the XRD of the Nd-Fe-B/Sm-Fe-N hybrid
bonded magnet with a bimodal particle size distribution. The
XRD patterns are dominated by the contributions from the
Nd,Fe;,B and Sm,Fe;;N; phases beside minor peaks from PPS.
In the quantitative XRD fitting, the minor peaks such as those
from Nd-rich phases and those from partially crystallized PPS
are buried in the background and are not included. The Rietveld
fitting indicates the presence of 61% of the Nd,Fe,,B phase and
39% of the Sm,Fe;N; phase in the sample (Table 1), which
agrees with our targeted values, as described in the

Table 1 XRD Rietveld-fitted results of the Nd-Fe-B/Sm-Fe-N hybrid bonded magnet. (WR = 2.22%, R = 1.71%, GOF = 1.4)

Lattice constant

a Lattice constant
Phase Space group (A c (&) Content (vol%)
Nd,Fe,,B P4,/mnm 8.7987(2) 12.2108(4) 61
Sm,Fe,;, N R-3M 8.7373(5) 12.6568(6) 39

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Experimental (blue crossing) and fitted (green line) XRD
diffraction patterns of the Nd-Fe-B/Sm-Fe-N hybrid bonded magnet.

Experimental section. The fitted lattice constants are in good
agreement with the previously reported values.***”

3.2. Magnetic properties of the hybrid bonded magnet with
post-magnetic field alignment

The magnetic particles were aligned using post-compression
annealing of the as-compressed Nd-Fe-B/Sm-Fe-N bonded
magnet under the magnetic field (see details in Section 2). Fig. 4
displays the magnetic hysteresis of the post-magnetic field
annealed Nd-Fe-B/Sm-Fe-N bonded magnet. The hybrid bonded
magnet shows excellent magnetic properties of a B, of 10.4 kG,
a H,; of 10.8 kOe, and a (BH);,ax of 20 MGOe at 300 K. The high
magnetic performances are ascribed to the high filling fraction
of the magnetic powder. The remanence B, is directly propor-
tional to the filling fraction while the maximum energy product
(BH),, increases parabolically with B; or the filling fraction. If we
consider the dilution effect in the bonded magnet due to the
binder (PPS), the expected B, value should be 10.8 kGs, which is
higher than the experimentally obtained value by about 3.5%.
The slightly reduced B, value may be related to the possible non-
perfect magnetic alignment and the inter-particle static
magnetic interaction. Both the non-aligned particle and the
internal magnetic stray field will reduce the B, and H,; values.
The H,; value obtained for the bonded magnet (10.8 kOe) is
slightly higher than that of Sm-Fe-N (10.0 kOe), but less than
that of Nd-Fe-B powder (14 kOe), resulting from the linear
overlapping effect and the internal magnetic stray field in the
hybrid magnet.

To evaluate the homogeneous performance of the magnetic
properties of the bonded magnets, we chose three pieces for the
VSM measurements. As shown in Table 2, the fluctuations of B;,
H.; and BH,,, were less than 2%, 0.5% and 3%, respectively.

In this work, we selected the coarse- (60% Nd-Fe-B) and fine-
particle (40% Sm-Fe-N) ratios based on the assumption that the
mono-sized coarse powder Nd-Fe-B and fine-particle Sm-Fe-N
were mixed to maximize the filling fraction of magnetic
powder in the compression-bonded magnet technology.
However, the particle size distribution of Nd-Fe-B and Sm-Fe-N
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H(KO&)

Fig. 4 Magnetic hysteresis loop J—H of the Nd-Fe-B/Sm-Fe-N hybrid
bonded magnet.

Table2 Magnetic properties of the Nd-Fe-B/Sm-Fe-N hybrid magnet

Coercivity Maximum energy

Sample ID Remanence B, (kGs) H,; (kOe) Product (BH),, (MGOe)
1 10.4 10.80 20.0

10.5 10.82 20.0
3 10.2 10.76 19.5

powder also plays an important role. As a future study, we will
investigate the effects of different particle size distributions and
the volume ratio between Nd-Fe-B and Sm-Fe-N powders on the
filling fraction and magnetic properties of the hybrid bonded
magnets to further optimize the magnetic performance of the
bonded magnet prepared by additive manufacturing.

4. Conclusions

We have demonstrated bimodal-sized coarse particles (Nd-Fe-B)
and fine powders (Sm-Fe-N) for successfully increasing the
filling fraction of the magnetic powder in hybrid bonded
magnets prepared by an extrusion process followed by
compression molding. The obtained bonded magnet achieved
a maximum energy product of 20 MGOe, which is much better
than the conventional injection-molded bonded magnets. This
work indicates that the proposed manufacturing method can be
transferred to an additive manufacturing compression molding
process, which is an effective and competitive method for
fabricating high-performance bonded magnets.
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