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Permanent magnetic NdFeB thick films
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NdFeB films of thickness between 10 to 50 µm were prepared by screen printing of inks
containing 70–87 wt% of commercial NdFeB powder (MQP). After curing the printed films
at 120◦C magnetic films with a remanence of 200 to 400 mT are obtained. The coercivity
varies from 300 to 900 kA/m depending on the type of MQP powder used. Magnetic inks
with higher loading of NdFeB powders (80–91 wt%) are used for filling of vias or patterned
substrates.

NdFeB thick films are promising for applications in micro-electromechanical systems or
miniature actuators. Printed films were magnetized with a multi-pole stripe pattern with
1 mm pole pitch using short current pulses. The induction at the surface of the films was
compared to theoretical calculations. The results indicate a complete magnetization of the
films. Other applications include encoders. C© 2004 Kluwer Academic Publishers

1. Introduction
The application of magnetic components in micro-
electro-mechanical systems (MEMS) or micro-systems
requires miniaturized permanent magnets. Usually
small magnets are cut out of sintered blocks, magne-
tized and then the individual magnets are placed into
their final positions. This is a cost-intensive manufac-
turing process and moreover, due to the fact that the
magnets are magnetized before assembly, handling and
positioning of such miniature magnets is not straight-
forward. Permanent magnetic thick films deposited on
micro-system components acting as substrate repre-
sent an alternative manufacturing technology. Multi-
pole magnetization of the films after assembly is an
additional advantage, many quasi-individual micro-
magnets can be fabricated within one magnetization
step.

For such applications rare-earth magnets with large
remanent induction and energy product are used. To
date, techniques for the preparation of rare-earth mag-
netic thick films with appropriate magnetic properties
are not well investigated. Thin film techniques like laser
deposition, sputtering and molecular beam epitaxy have
been successfully tested for the preparation of NdFeB
thin films [1–3], but such films are too thin for most
actuator applications. The current status of permanent
magnetic films for micro-systems is summarized in
[4, 5]. Only very few papers on the preparation of Nd-
FeB thick films have appeared: arc-plasma spraying
has been used for the preparation of films of up to
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3 mm in thickness [6]. A different approach consists
of the compaction of granulated NdFeB-powders from
the powder-metallurgical process. Thin plate magnets
of 200 µm thickness with excellent magnetic proper-
ties have been prepared [7]. The fabrication of NdFeB
films of 100–800 µm thickness by tape casting has been
reported [8]. Recently, screen printing of Sr hexaferrite
inks has been suggested for the preparation of perma-
nent magnet thick films [9]. Screen printing of rare-
earth magnet films has not been reported yet.

In this contribution we describe the preparation of
magnetic thick films by screen printing of NdFeB inks.
Commercial NdFeB powders were used as starting ma-
terials for the ink preparation. After printing and curing
at 120◦C films of 10–50 µm thickness with a remanence
of 200–400 mT and coercivity of 300–900 kA/m are ob-
tained. The films can be magnetized with a multi-pole
stripe pattern with a pole pitch of 1 mm. The induction
at the film surface was measured and compared to cal-
culations. It is demonstrated that the printed films are
applicable in actuators or magnetic encoders.

2. Experimental
Commercial NdFeB powders (Magnequench Interna-
tional [10]) prepared by melt-spinning (MQP-B and
-Q) or atomization (MQP-S) were used as starting ma-
terials. The powders were wet milled for several hours
in a porcelain mill with steel balls (7 mm diameter) in
a mixture of organic solvents.
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For the preparation of inks the NdFeB powder was
dispersed in a resin dissolved in a mixture of organic
solvents. The loading of magnetic powder in the ink
was varied from 70 to 91 wt%.

The inks were screen printed onto several substrate
materials (soft iron, alumina, glass, silicon). Several
test geometries were printed: from areas of size 50 ×
50 mm2 to several fine structures with a width of the
printed magnet track of 100 µm. The thickness of the
obtained film after a single printing step was about
10 µm, multiple printing gave films of 50 µm thick-
ness. Inks of larger viscosity were used for filling of
vias or cavities in patterned substrates. The films were
annealed at 120◦C for 2 h; curing of the resin yields
mechanically stable films.

The particle size of the magnetic powder was deter-
mined by laser diffraction with a SYMPATEC system
with a dry dispersion unit RODOS. The density of the
test samples made from cured inks was determined by
Archimedes’ method in water.

Demagnetization curves of the films were measured
with a vibrating sample magnetometer (corrected for
demagnetizing fields). Temperature coefficients were
obtained by measuring the hysteresis at different tem-
peratures between 20 and 125◦C.

To study the multi-pole magnetization films 50 ×
50 mm2 in size were printed onto soft iron substrates
of 0.5 mm thickness. After curing at 120◦C the mag-
netic films show a good adherence to the substrates.
Multi-pole magnetization with a stripe pattern of 1 mm
pole pitch was realized by pulse magnetization (Plötner
& Hoffmann, IM142/35); a capacitor discharge battery
provides a high current pulse of short duration (semi-
sinusoidal impulse). The desired multi-pole pattern is
obtained by placing the magnetic film on top of a cop-
per wire wound fixture and discharging the capacitor
bank through the fixture. The discharge voltage was
3.0 kV at maximum and a current of about 18 kA
was observed. The induction at the surface of the films
was measured with a magnetic field scanning system
(Plötner & Hoffmann, SMP386/01) with a Hall probe
scanning the surface of the film at a distance of 250 µm.

3. Results and discussion
The NdFeB powders used in this study are MQP-B, -Q
and -S powders. After wet milling the MQP-B powder
for 20 h a final medium particle size of about 10 µm is
reached. MQP-Q powders were milled for about 50 h
to obtain a fine powder. The details of NdFeB pow-
der (MQP) milling are given elsewhere [8]. REM mi-
crographs of the powders before and after wet milling
show a transition from melt-spun coarse flakes to fine
powders (Fig. 1a–b). Spherical MQP-S powder which
is manufactured by an atomization process has a mean
particle size of about 50 µm (Fig. 1c), hence only large
particles were removed by sieving.

Films of various thickness ranging from 10–50 µm
were prepared by screen printing. A typical composi-
tion contains about 80 wt% MQP and 20% resin and
organic vehicle.

In order to obtain a large remanence of the inks and
films the content of magnetic powder in the ink was

Figure 1 REM micrograph of powders MQP-B, original flakes (a) and
powder milled for 24 h (b) and MQP-S original spherical powder (c).

optimized. The maximum loading of the fine-milled
MQ powder is about 85 wt%; samples with a higher
concentration of powder can not be processed to ho-
mogeneous inks. An estimate of the maximum powder
content is obtained if the tap density of the fine-milled
MQP-B powder (ρtap = 3.34 g/cm3) is compared to the
materials density (ρ = 7.64 g/cm3). From this particle
packing situation a total interparticle volume of 56%
results. This represents the space that is available to be
filled with polymer. Lower organic content will result in
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T ABL E I Remanent induction BR of cured MQP-B inks with different
powder loading

BR (mT) BR (mT)
Ink wt-% vol-% calc exp

MQP-B 70 24.6 212–220 200
75 29.6 254–264 237
80 35.9 308–321 305
85 44.2 380–396 388

pores and powder agglomerates in the ink. Powders of
grade MQP-S with a mean particle size of about 50 µm
have a tap density of 4.42 g/cm3, therefore the empty
interparticle volume is smaller. Consequently, less or-
ganic medium is required to fill this space. Inks from
MQP-S powder are prepared with a maximum content
of 91 wt% powder.

From the volume loading of magnetic powder the
remanence of the cured ink is calculated. For MQP-B
based samples (BR of the powder: 860–895 mT [10])
the remanent induction of the cured ink is expected
to be between 250–400 mT (Table I). The calculated
BR agree well with measured ones. The demagneti-
zation curves of MQP-B inks with different powder
loading are shown in Fig. 2. Demagnetization curves
of inks with standard composition of 80 wt% MQP-
B, -O and -Q are compared to that of an ink with
91 wt% MQP-S in Fig. 3. The coercivities I HC are 700,

Figure 2 Demagnetization curves at room temperature of cured MQP-B
inks with various loading of magnetic powder.

Figure 3 Demagnetization curves at room temperature of MQP-B,
MQP-Q, MQP-O inks (80 wt%) and MQP-S ink (91 wt%).

Figure 4 Demagnetization curves of a cured MQP-S ink (91 wt%) at
different temperatures.

350, 900 and 750 kA/m for MQP-B, -Q, -O and -S
inks, respectively. Temperature coefficients (Fig. 4) are
TK(BR) = −0.13%/K and TK(I HC) = −0.37%/K.

Inks for screen printing need to have an appropri-
ate viscosity to be processable without problems. The
maximum powder loading for NdFeB inks for screen
printing based upon the fine-milled powders MQP-B
and -Q is about 80 wt%, which corresponds to a BR of
320 mT. In the case of spherical MQP-S powder a ben-
eficial effect appears: inks with about 87 wt% powder
(BR = 400 mT) have a viscosity that allows processing

Figure 5 Room temperature viscosity as a function of shear rate of inks
with 80 wt% of MQP-Q and 91 wt% of MQP-S.

Figure 6 Induction across the surface of a printed MQP-B film magne-
tized with 1 mm pole pitch (measured 250 µm above the surface): single
print with about 10 µm film thickness (solid line) and multiple print with
about 50 µm film thickness (dotted line).
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Figure 7 Micrographs of screen printed MQP-B films on an iron (left) and ceramic (right) substrates for sensor applications.

via screen printing. Inks of >80 wt% fine-milled MQP-
B and -Q or >87 wt% MQP-S exhibit larger viscosity.
These pastes are applicable for filling of vias or pat-
terned structures. Two examples of ink viscosities are
shown in Fig. 5.

For actuator applications the printed films can be
magnetized with several magnetic poles at one mag-
netizing step. For such experiments MQP-B films on
iron substrates were magnetized with a stripe pattern
and 1 mm pole pitch. After multi-pole magnetization
the induction on the surface of the films was mea-
sured and compared to data calculated with the software
MAGFIELD [11] using BEM algorithms. A horizontal
scan above the film surface is shown in Fig. 6. At the
pole maximum an induction of 20–50 mT is observed.
This agrees well with calculated data indicating that
the printed films are completely magnetized during the
impulse magnetization process.

The printed thick films represent alternative magnetic
components for micro-systems: application in MEMS,
e.g., in micro-motors [12, 13] or magnetic encoders
[14] have been successfully tested. Fig. 7 shows micro-
graphs of two examples of printed structures for sensor
applications.
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