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a b s t r a c t

A novel anisotropic Nd–Fe–B flexible bonded magnet with epoxy resin lubricant was prepared by the
two-step method to enhance its performance. Temperature characteristics of epoxy resin and its effect
on magnetic properties and preparation of anisotropic Nd–Fe–B flexible bonded magnets were inves-
tigated and optimized. DOA of aligned flexible bonded magnets with epoxy resin lubricant increases
significantly due to epoxy resin lower viscosity and subsequent better powder particles lubrication at a
vailable online 12 October 2010
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certain aligning temperature. Meanwhile, Hirr decreases sharply due to improved oxidation resistance
of epoxy resin fully encapsulating magnetic powder during magnetic alignment process. Utilizing 1 wt%
optimized encapsulating epoxy resin and heating unaligned flexible bonded magnets to 80 ◦C for 30 min
during magnetic alignment resulted in the largest �(BH)max and �DOA. �(BH)max increased to over 126%
agnetic alignment
nisotropy
d–Fe–B flexible bonded magnets

along with �DOA increase to over 75%, much higher compared with unaligned flexible bonded magnets
prepared exclusively by calendering.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Rubber-bonded Nd–Fe–B is a new type of flexible magnets.
sotropic Nd–Fe–B ring-shaped rubber-bonded magnets have been
sed in small motors and actuators for personal computers
nd peripherals. However, computers miniaturization inevitably
tresses the importance of flexible bonded magnets with supe-
ior magnetic properties contributing to the overall computer size
eduction [1–11].

which includes calendering and magnetic alignment steps with
heating to prepare anisotropic Nd–Fe–B flexible bonded magnets.
Heating unaligned flexible bonded magnets to 100 ◦C for 30 min
during magnetic alignment resulted in the largest �(BH)max, which
increased by over 60% along with �DOA increase by over 39%
compared with unaligned flexible bonded magnets prepared exclu-
sively by calendering. However, binder viscosity increases due to
rubber cross-linking when heated, which inevitably hinders fur-
During magnetic alignment powder particles rotate along the
asy magnetization direction due to externally applied magnetic
eld. Larger number of aligned particles results in better mag-
etic properties. Our group has developed a novel two-step method

∗ Corresponding author. Tel.: +86 10 82376835; fax: +86 10 62333375.
E-mail address: sunaizhi@126.com (A.Z. Sun).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.210
ther improvements in aligned flexible bonded magnets magnetic
properties that originate from larger powder particles rotational
resistance, T, during magnetic alignment: T ∝ � = �� , where � is the
shear stress between the powder particles and the binder, � is the
binder viscosity and � is the rotational rate of the powder particles.

High binder viscosity prevents powder particles rotation during
magnetic alignment.

A novel anisotropic Nd–Fe–B flexible magnet bonded with
epoxy resin lubricant was prepared by the two-step method. One

dx.doi.org/10.1016/j.jallcom.2010.09.210
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sunaizhi@126.com
dx.doi.org/10.1016/j.jallcom.2010.09.210
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ig. 1. Process for preparing anisotropic Nd–Fe–B based flexible boned magnets
ith epoxy resin lubricant.

f the advantages of adding epoxy resin lubricant is that rotational
esistance of magnetic powders decreases rapidly. Subsequently
owder particles with easy magnetized directions rotate smoothly
long the aligning direction as a result of the epoxy resin lower
inder viscosity when heated to a certain temperature. Another
dvantage of adding epoxy resin lubricant is that flexible bonded
agnets have higher strength compared with flexible magnets

onded with conventional binders at room temperature [12–25].

. Experimental details

Two-step method flow chart for preparing anisotropic Nd–Fe–B flexible bonded
agnets with epoxy resin lubricant is shown in Fig. 1. First bisphenol-A epoxy

esin (0 wt%, 0.5 wt%, 1 wt%, 1.5 wt%) including diethylenetriamine (DTA) curing
gent was dissolved in solution with the appropriate amounts of acetone. Then
00 mesh anisotropic HDDR Nd–Fe–B powders (Br = 1.22 T, Hci = 930 kA/m and
BH)max = 248 kJ/m3) were placed into these four solutions. When acetone com-
letely evaporated, four kinds of epoxy resins that fully encapsulated Nd–Fe–B
owders were obtained. The second step is the calendering process, which con-
ists of the following procedures. Initially four magnetic powders with KH550 silane
oupling agent were dry-blended separately with 4.8 wt% chlorinated polyethylene
CPE) and plasticizer (Di-n-octyl phthalate). Then they were sheet-rolled individ-
ally to 1.5–2.0 mm with a twin roll-mill at 70–90 ◦C in N2 atmosphere. The next
agnetic alignment process step with heating consisted of the following proce-

ures. First, the four kinds of flexible sheet samples were heated to 50–160 ◦C for
0–40 min. Then one part of samples of each kind was immediately placed into a
ulsed magnetic field (3600 kA/m) for alignment. Other samples were left without
ny magnetic treatment. Finally all samples were cooled to room temperature.Epoxy
esin viscosity was measured with an RS600 rotational rheometer (Rheology
olutions, Australia). Magnetic properties of all samples were measured after mag-
etization with a vibrating sample magnetometer (VSM) and a B–H curve tracer,
espectively, in a pulsed magnetic field of 3600 kA/m. The rate of degree of alignment
hange, �DOA, was calculated as �DOA = (BT − B0)/B0, where BT and B0 are rema-

ence values of the aligned and unaligned samples parallel to the applied magnetic
eld, respectively. The magnetic energy product rate change, �(BH)max, was cal-
ulated as �(BH)max = [(BH)max(T) − (BH)max(T0)]/(BH)max(T0), where (BH)max(T) and
BH)max(T0) are energy product values of the aligned and unaligned samples, respec-
ively. The magnetic irreversibility field, Hirr, indicates the irreversible loss of
nergy product of bonded magnets during heating. Hirr was calculated as Hirr =
Fig. 2. Epoxy resin viscosity change at various temperatures.

[(BH)max(T0) − (BH)max(T∗)]/(BH)max(T0) [26], where (BH)max(T∗) is the energy product
of the unaligned samples heated at the same conditions as the aligned samples.

3. Results and discussion

3.1. Epoxy resin viscosity temperature dependence

Fig. 2 shows epoxy resin viscosity variations with time at dif-
ferent test temperatures. When heated to a certain temperature,
epoxy resin viscosity decreases significantly and reaches the min-
imum value within 1–2 min. However, it increases gradually with
time, being a function of the curing agent. When unaligned flexible
bonded magnets with epoxy resin lubricant are heated to a certain
magnetic aligning temperature, rotational resistance of powder
particles reduces due to the lower binder viscosity, therefore, good
alignment results can be achieved. Consequently, epoxy resin can
be used as a lubricant and fully encapsulate magnetic powder to
prepare anisotropic Nd–Fe–B flexible bonded magnets by the two-
step method.

3.2. Epoxy resin content effect on magnetic properties of
anisotropic Nd–Fe–B flexible bonded magnets

Fig. 3 shows �(BH)max and �DOA temperature dependence for
aligned samples encapsulated by different epoxy resins. �(BH)max

and �DOA of aligned samples with epoxy are greater than those
without epoxy at each aligning temperature, indicating that adding
appropriate amount of epoxy resin improves magnetic properties
of the aligned samples. As a result, the largest �(BH)max of the
aligned samples increases to 126.7% from 60.5% by adding 1 wt%
epoxy resin, and the largest �DOA increases from 49.5% to 75%.

As seen in Fig. 3, when epoxy resin content is 1 wt%, both
�(BH)max and �DOA reach the maximum at each aligning tem-
perature. This phenomenon can be explained as follows. When
epoxy resin content is higher than 1 wt%, magnetic properties of the
aligned samples begin to decrease due to the non-magnetic nature
and magnetic dilution of epoxy resin. When epoxy resin content
is lower than 1 wt%, magnetic properties also decline, since pow-
der particles cannot be encapsulated sufficiently by epoxy resin,

resulting in reduced lubrication and subsequent difficulty in parti-
cles relative rotation. As a result, epoxy resin is used as a lubricant
to improve magnetic properties of anisotropic Nd–Fe–B flexible
boned magnets, and the optimal epoxy resin content is 1 wt%.
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.3. Epoxy resin lubricant effect on the magnetic alignment
rocess with heating

When epoxy resin content is 1 wt% magnetic properties of the
ligned samples are the best at each aligning temperatures. Thus
his optimal 1 wt% content was selected to study the effects of
dding epoxy resin lubricant on the magnetic alignment process
ith heating.

Fig. 4 shows �(BH)max, �DOA and Hirr variations with tem-
erature for aligned samples. Both �(BH)max and �DOA exhibit
similar change with temperature. In the 60–80 ◦C range they

oth increase rapidly. Moreover, the largest �(BH)max of 126.7%
nd the largest �DOA of 75% were obtained at 80 ◦C during
agnetic alignment process with heating. On the contrary, mag-

etic properties degrade gradually above 80 ◦C and sharply above
00 ◦C.

It is useful to shorten the holding time to reduce Hirr. Meanwhile,
he largest �DOA of 75% was obtained at 80 ◦C. Therefore, changes
n magnetic properties of aligned samples were investigated as a
unction of holding time at 80 ◦C shown in Fig. 5. The largest �DOA

f 75% was obtained at 80 ◦C held for 30 min. Consequently, the
argest �(BH)max of 126.7% for aligned samples was obtained after
0 min holding time.

Fig. 4. Changes in magnetic properties as a function of temperature.
Fig. 5. Changes in magnetic properties as a function of holding time.

The effect of temperature and holding time on DOA of the
aligned samples was analyzed from the standpoint of the epoxy
resin viscosity change with temperature (Fig. 2). As seen in Fig. 2,
viscosity of heated epoxy resin decreases significantly and reaches
the minimum within 2 min, which is not useful for preparing flex-
ible bonded magnets by the two-step method due to short holding
time. When heated and held at 120 ◦C, viscosity reaches the min-
imum for a short time among these heating temperatures, but it
increases almost linearly above 6 min due to curing. Therefore, in
the 60–130 ◦C range, when holding time is above 6 min, viscosity
has the minimum at 80 ◦C, which explains why the largest �DOA
appears at 80 ◦C.

As seen in Fig. 4, when temperature is elevated from 60 ◦C
to 80 ◦C, �DOA increases continuously, while Hirr is very low
and unchanging. This is clearly illustrated by improved magnetic
properties of the aligned samples, and �(BH)max increases sig-
nificantly with increasing temperature from 60 ◦C to 80 ◦C. The
best magnetic properties of the aligned sample were obtained,
which exhibited the largest �(BH)max increase to 126.7% by means
of magnetic alignment at 80 ◦C. When temperature reaches 80 ◦C
or above, �DOA declines gradually with temperature. Meantime,
Hirr increases slightly with temperature. This shows that magnetic
properties of the aligned samples begin to deteriorate gradually,
and �(BH)max decreases. �DOA significantly decreases, and Hirr
rises rapidly as heating temperature is elevated above 100 ◦C.
Therefore, magnetic properties of the aligned samples decline
sharply.

In conclusion, when selecting the best encapsulating epoxy
resin content of 1 wt%, the optimal preparation condition is heating
unaligned flexible bonded magnets to 80 ◦C for 30 min for magnetic
alignment.

3.4. Epoxy resin lubricant effect on the magnetic irreversibility
field of anisotropic Nd–Fe–B flexible boned magnets

Fig. 6 shows Hirr variations with temperature for anisotropic
Nd–Fe–B flexible boned magnets with and without epoxy resin.
When epoxy resin content is 1 wt%, Hirr of the aligned samples
is less than that of magnets without epoxy resin encapsulation at
each aligning temperature, with a larger difference above 100 ◦C.

When epoxy resin fully encapsulates powder particles, it prevents
their oxidation and helps increase energy product of anisotropic
Nd–Fe–B flexible boned magnets during magnetic alignment pro-
cess with heating.
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ig. 6. Temperature dependence of the magnetic irreversibility field for anisotropic
d–Fe–B flexible boned magnets with different epoxy resin contents.

. Conclusions

Adding appropriate amount of epoxy resin lubricant helps pre-
are anisotropic Nd–Fe–B flexible boned magnets with superior
agnetic properties. Adding epoxy resin plays lubrication role to
eaken powder particles rotational resistance and subsequently

ncrease aligned samples �DOA when heated to a certain aligning
emperature. Meanwhile, adding epoxy resin plays an important
ole in preventing powder oxidation and increasing �(BH)max of

he aligned samples during magnetic alignment process with heat-
ng. When epoxy resin content is 1 wt%, aligned samples �(BH)max

nd �DOA reach the maximum at each aligning temperature. Thus
wt% epoxy is the optimal encapsulating content. When selecting

he best encapsulating content of 1 wt%, the optimal prepara-

[
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tion condition is heating unaligned flexible bonded magnets to
80 ◦C for 30 min for magnetic alignment. �(BH)max and �DOA of
anisotropic Nd–Fe–B flexible bonded magnet increase to 126.7%
and 75% compared with unaligned flexible bonded magnets pre-
pared exclusively by calendering.
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