
1.  Introduction

Microsized permanent magnets are required mostly in mi-
cro systems and micro-electro-mechanical systems1–9). Such 
magnets are usually based on rare-earth compounds with 
large remanent induction (BR) and energy product ((BH)max). 
These magnets are able to provide magnetic forces large 
enough to serve as actuators or force sources in microsys-
tems. For further enhancement of magnetic forces, magnets 
have usually been fabricated into special shapes and ar-
ranged in an optimal formation to create a space with large 
magnetic gradients. Although the microsized permanent 
magnets are very interesting and important subjects, the con-
ventional construction technique has limited the advance in 
fabricating process. Hence, there has not been much recent 
discussion on this topic. Conventional techniques, like elec-
tro-deposition and sputtering, have been successfully em-
ployed for the preparation of magnetic �lms with thick-
nesses in the order of 1 to 20 microns and for the fabrication 
of different magnetic �lm structures. However, these tech-
niques are rather complex, time-consuming and costly2,9).

Currently, the ink-jet (or jet) printing technique has be-
come a rapid, versatile, and cost-effective production tech-
nology. Several groups have shown that this technology is a 
great way for designing and producing magnetic materials 
and structures10–16). Magnetic ink, which is a suspension 
composed of magnetic nanoparticles, can be ejected by an 
ink-jet printer onto many kinds of substrate.

Indeed, it is claimed that jet printers and magnetic inks, 
with a content of Nd-Fe-B powder up to 90% in weight, 
could be used to fabricate single hard magnets, that are ei-
ther of the bulk type or �lm type, with large surface area di-
mensions in the order of mm2 13,15,16). These magnets have a 
good, hard, magnetic property with a coercive force (HC) of 
about 750 kA/m and remanent magnetization (MR) of about 
35 mT. So far, there has been no work done on arrays of Nd-
Fe-B micromagnets, with good, hard, magnetic properties, 

produced using jet printers.
In this work, we used the ink-jet printing technique for 

rapidly fabricating �lms and micro structures comprising of 
magnetic Nd-Fe-B particles. The �lms and structures dis-
played a hard magnetic property with an order of magnetiza-
tion (MS) of 0.16 emu/g~1 mT, MR of 0.076 emu/g~0.5 mT
and HC of 900 G~71.6 kA/m, can be used to trap magnetic
particles. The surface topography and magnetic properties of 
the �lms and the structures have been studied.

2.  Experiment

Commercial magnetic Nd-Fe-B powder was used as an
initial material. The powder was milled manually for 4 hours 
in porcelain and an environment of inert gas to obtain 
smaller particles. For preparation of the magnetic ink, the 
milled Nd-Fe-B powder was dispersed in a standard ink, 
called MFL-003, using an ultrasonic vibrator. This ink was 
selected based on its parameters that satisfy the require-
ments for use in of the Dimatix DMP-2831 (Fuji�lm) 
printer. An aqueous suspension of Nd-Fe-B nanoparticles 
was obtained and then ejected onto commercial inkjet paper 
using the above mentioned printer. To avoid clogging the 
inkjet print-heads by agglomeration, the cartridge was vi-
brated for 10 minutes by an ultrasonic vibration machine be-
fore starting the printing process. The distance between the 
jet nozzle and the substrate, the substrate temperature, the 
ink temperature and the ink spouting velocity were set at 
0.25 mm, 40°C, 40°C and 5 ×   103 m/s, respectively. After
that, a magnetic �lm with an area of 5 ×  5 mm2 and a mag-
netic structure of 10  ×   10 squares (surface area of each 
square being 500 ×  500 µm2) were printed. Both of the �lm 
and the microsized squares have thickness of 40 µm.

The particle size distribution of the Nd-Fe-B particles was 
determined by a Horiba particle analyzer LB-550 system. 
The surface morphology and the thickness of the �lm, as 
well as the microsized squares, were surveyed by NT-MDT 
atomic-force microscopy and Carl-Zeiss optical microscopy. 
The magnetic hysteresis curves of the Nd-Fe-B powder, * Corresponding author, E-mail: thangducpham@yahoo.com
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magnetic ink and printed samples were measured by a 
Lakeshore 7400 vibrating sample magnetometer. All mea-
surements were carried out at room temperature.

3.  Results and Discussion

Figure 1(a) shows the initial Nd-Fe-B particles with an
average diameter of 6 µm, an unspeci�c shape, a good hard 
magnetic property with a coercive force of 1920 G and re-
manent magnetization of 45 emu/g. The mean particle size 
after 4 hours of milling was 300 nm. In fact, we milled the 
initial powder at different time frames, and found that the 
powder milled for 4 hours had the most uniform and small-
est size. Besides that, the magnetic property and crystallo-
graphic structure of the particles remained almost un-
changed after the milling (not shown here).

Before mixing with Nd-Fe-B powder, the MFL-003 ink 
had a particle size distribution between 2 nm to 10 nm, a 
density of 1.4 g/ml, viscosity of 25.6 mPa.s, pH of 9.2 and 
diamagnetic property with a magnetic susceptibility of 
−24.9 ×   10−6. After mixing the Nd-Fe-B powder into this 
ink using a Nd-Fe-B to MFL-003 mass ratio of 3:4, we ob-
tained the printing ink (magnetic ink) with a viscosity of 
26.6 mPa.s, pH of 9.8, particle size distribution between 

2 nm to 1000 nm and a soft ferromagnetic property 
(Fig. 1(b)). The content of NdFeB powder in the ink is about 
43% by weight (12% by volume).

Shown in Figs. 2 and 3, respectively, are the surface im-
ages, the cross section images, the magnetic hysteresis 
curves and the surface roughness of printed samples. Both 
�lm and microsized squares show that the shape and geome-
try in good agreement with the design speci�cation. The 
printed samples have a homogeneous thickness of 40 µm 
(insets of Figs. 2(a) and 3(a)), the surface roughness of about 
500 nm (Figs. 2(b) and 3(b)), and an almost isotropic mag-
netic response. Magnetization of the samples was measured 
with a �eld applied parallel (hereafter referred as “ip”) and
perpendicular (hereafter referred as “oop”) to the �lm plane.
The �eld applied perpendicular to the plane was corrected 
by a demagnetization factor. The hysteresis curves for the ip 
and oop directions almost overlap with each other. The fat 
hysteresis loops show that the samples possess the hard 
magnetic property with a high coercive force, HC of 895 G 
and 820 G for the �lm and the squares, respectively.

The remanent magnetization of the squares, MR  =   7.6 ×   
10−2 emu/g, is about half of the saturation magnetization MS 
in both of directions (Fig. 3(a)). Meanwhile for the �lm, an 
MR  =   4.0 ×   10−2 emu/g, is only about one-third of its MS 

Fig. 1　(a) Magnetic hysteresis curve of Nd-Fe-B initial particles (inset: SEM image of initial particles). (b) Magnetic hysteresis curve of magnetic ink (in-
set: the particles size distribution of magnetic ink).

Fig. 2　(a) Magnetic hysteresis curves of 5 ×  5 mm2 �lm. Inset: (1) surface and (2) cross-section image of �lm. (b) Surface AFM image of �lm.
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(Fig. 2(a)). The hysteresis curves in the squares are of a 
squarer shape and enclose a larger area compared to the 
curves of the �lm, implying lower hysteresis losses. The 
area enclosed by the hysteresis curves of the �lm is 37% less 
than that enclosed by the hysteresis curves of the squares. 
This can be explained as the demagnetizing �eld in the 
squares being larger than that in the �lm. Indeed, the higher 
the concentration of Nd-Fe-B powder in the magnetic ink is, 
the harder the magnetic properties of the �lm, and the 
squares have been also enhanced. However, a magnetic ink 
with too high a concentration of Nd-Fe-B powder (more 
43%) usually obstructs and damages printer nozzles. So far, 
in this work, we only focused on a concentration of Nd-Fe-B 
powder in the magnetic ink that was most suitable for the 
printer.

In order to investigate the magnetic strength at surface of 
the squares as well as the potential applications, we have 
simulated the z axis component of magnetic induction (Bz) 
at the surface of the squares and observed movement of 
magnetic particles on the surface of the square (Fig. 4). The 
simulation has shown that the squares create large magnetic 
induction near their surface and thus they are able to trap 
magnetic particles. Figure 4(a) shows the magnetic induc-

tion Bz of the squares at some heights d from their surface, 
along a line centered on the squares and parallel to edge of 
the squares (the x axis in inset (1) of Fig. 3(a)). The maxi-
mum value of 0.45 mT was obtained for Bz. Generally, at 
different values of d, Bz was almost unchanged and thus its 
gradient along the z axis is insigni�cant, just about 18 T/m. 
Obtained results show that the squares can create magnetic 
forces to trap nano magnetic particles at different heights.

Figure 4(b) shows a picture of Fe3O4 nanoparticles in a 
ferro�uidic solution attracted to locations of squares at 
height of 10 μm (the structure was put under a Si sheet that 
has a thickness of 10 µm to protect the surface of the struc-
ture and create a �at surface). Distribution of Fe3O4 particles 
followed the arrangement of squares. It can be seen that the 
shape of Fe3O4 particle clusters are not homogeneous and 
are not as square as the shape of Nd-Fe-B squares. At each 
square, Fe3O4 particle clusters are discontinuous. These are 
due to the uneven attraction force of Nd-Fe-B squares and 
the scattered distribution of Nd-Fe-B particles in each 
squares.

Fig. 3　(a) Magnetic hysteresis curves of squares. Inset: (1) surface and (2) cross-section image of squares. (b) Surface AFM image of one of squares.

Fig. 4　(a) Magnetic induction (Bz) at some heights (d) on surface of squares along the x axis in inset (1) of Fig. 3(a). (b) Fe3O4 particles in ferro�uidic 
solution attached to locations of squares under a Si sheet.
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4.  Conclusions

In this work, a simple and low-cost inkjet printing tech-
nique has been developed for the fabrication of Nd-Fe-B 
�lms and microsized structures. Hard magnetic properties 
have been obtained using these printed objects. Preliminary 
results showed that the microsized structures are suitable for 
positioning magnetic particles. Further work on improve-
ment of the magnetic properties of printed materials is 
underway.
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