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ABSTRACT

In this report, we present the results of study on fabrication technology for sintered
Nd-Fe-B magnets. Influence of grinding, pressing, sintering and heat treatment processes on
magnetic properties of the anisotropic Nd-Fe-B permanent magnets was investigated
systematically. By applying wet-pressing technique and two-stage heat treatment process the
technology and performance of the magnets can be significantly improved. The optimal
technological conditions were found. A low cost, practical applicable technological process has
been established to manufacture sintered Nd-Fe-B magnets in pilot scale with their coercivity
larger than 7,5 kOe and maximum energy product above 35 MGOe.

Keywords- anisotropic sintered magnet, coercivity, maximum energy product (BH),,.,, Nd-Fe-B
alloy, hard magnetic material.

1. INTRODUCTION

Nowadays, Nd-Fe-B magnets occupy an important position in the market of the permanent
magnets n the world because these materials are applied widely in practice such as motors,
generators, ore-separators, magoetic cushions... To full-fill requirements of various aspects of
practical applicatjons, further enhancement of magnetic properties and optimization of
fabrication technology of these magnets are still concerned to study. There are several methods
such as sintering, melt-spinning and high energy ball milling, which are used to fabricate
Nd-Fe-B magnets. Recently, the exchange-spring magnets or nanocomposites of the Nd-Fe-B
material have attracted a Jot of scientists. However, the sintered magnets are currently
considered as an advanced hard magnetic material with the highest actually achieved maximum
energy product (BH).. (above 50 MGOe). Many researchers continue to study this type of
Nd-Fe-B magnets to reach the theoretical value for (BH)mx (64 MGOe) and lower the cost of
the material [1, 2, 3, 4, 5, 6]. In Vietnam, the sintered Nd-Fe-B magnets with (BH),,, over 30
MGOe were obtained in laboratory by several rescarch groups (7, 8, 9]. Nevertheless, it is
difficult to have a technology which can be applied in practice as well as (o raise the energy



product (BH)m closed (o the theoretical limit for sintered Nd-Fe-B magnets. Io this work, we
optimize technological conditions for fabrication of anisotropic sintered Nd-Fe-B magnets in
pilot scale. Influence of grinding, pressing, sintering and anncaling processes on magnetic
properties of sintered Nd-Fe-B magnets was investigated.

2. EXPERIMENTAL PROCEDURES

The pre-alloys with nominal composition of Nd4 sFe;7Bg s and mass of 5 kg were prepared
from Nd, Fe and FeB (18 % B) on an induction furnace under Ar gas to avoid oxidation. The
alloys were induction-melted for about 30 minutes before casting in a water-cooled mold with
inner size of 4 cm. The obtained alloy was crashed into small pieces with size smaller 2
centimeters and coarsely milled with amount of 0.5 kg per batch. The coarse powder was then
finely milled witb amount of 1 kg per batch using industriat white gasoline as a solvent to avoid
oxygenation. The obtained powder with average grain size of several um was pressed, with a
pressure of 15 MPa, into rectangular parallelepiped tablets (6.5%5.5%3.5 cmj) in an oriented
magnetic field, ytelded by an electromagnet, of about 20 kOe. For this stage, the wet pressing
technique was used instead of the dry one. The pressed magnet tablets were then sintered at
1050, 1080 and 1100 °C for 0.5, | and 2 h in vacuum. Afler that, these magnets were
heat-treated in various conditions to improve their coercive force. In order to investigate
magnetic properties of the sintered magnets on a pulsed high field magnetometer with maximum
magnetic field of 90 kOe, the cylinders with 3 mm diameter and 3 mm height were cut from the
magnets by means of spark-cutting. To calculate the maximum energy product (BH)pu., of the
magnets the following relations were used:

(BH)= B.H.r 0
Herr = Hex, - 4mpM,,D (2
B =4npM,, + Her 3)

where: Hey - external magnetic field, Hy - effective magnetic field, p - mass density of the
material (p = 7.6 g/em’), M,, - mass magnetization (obtained from magnetic hysteresis
r ), D - d ization factor depending on ratio of length | and diameter d of
sample,

Demagnetization factor was determined based on a semi-experimental data sheet of D =
f(/d) in a monograph book for magnetism and magnetic materials.

3. RESULTS AND DISCUSSTION

We investigated influence of milling time, 1n the range of 1 12 h, on size and
size-distribution of particles of the materials. The power X-ray diffraction shows that the
mitling process does not degrade the Nd,Fe B phase. The grain size of the milled powder was
determined by scanning electron microscopy (SEM). Figure 1 shows SEM images of the
powder with the milling time from 1 to 12 h. The SEM images reveal that the grain size
decreases from about |5 pm to 1 pm when increasing milling time from 1 to 12 h.
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Figure I. SEM images of the Nd-Fe-B powder with milling time of 1 (a), 2 (b), 3 (c), 6 (d), 9 (e)
and 12 bours (f).
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Figure 2. Typical sintering diagram (a) and view of sintered Nd-Fe-B magnets (b).

With our old technology, the most disadvantage of the conventional dry pressing is that an
additional time and labour consuming step of mixing is required to evaporate the gasoline
solvent. In addition, dried Nd-Fe-B powders suffer to be oxygenated easily and it is difficult to
be preserved. Consequently, we had to improve pressing technique. In this work, a wet pressing
technique was used instead of the dry one. With the wet pressing technique, the wet magnetic
powder can be pressed into tablets immediately after being separated from gasoline solvent by
using cloth bags. Two felt layers (~ 2 mm) were used to cover the bottom and the top of
pressing samples to drip out gasoline during pressing. If these felt layers were not used, the
magnetic powder would be splashed out with gasoline. By using the wet pressing technique, we
can save not only time and labour but also the magnetic powder, which are easily scattered in
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case of the dry pressing. Afier sintering, the wet pressed magnets are still reliable good
mechanical properties, no crack nor distortion. Figure 2 presents a rypical sintering diagram and
a picture of the fabricated magnets with mass of about 0.5 kg per tablet.

In comparison with the conventional dry pressing, it is required to carried out with slower
heating rate at low temperature range (about 2 h) to avoid the cracking caused by escaped
gasoline (Fig. 2a). Thus, for fabrication of sintered Nd-Fe-B magnets by using the wet pressing
nstead of the conventional dry one, the magnets can be produced at large scale with a
significant reduction in pressing time as well as oxidation.

Figure 3 exhibits the hysteresis loops of NdissFessBes magnets prepared by the same
sintering process but with different milling time. With milling time in the range of | to 6 h, the
highest coercivity of 4.7 kOe was obtained for the magnets with milling time of 3 h as shown in
Fig. 3. It is agreed with the results from SEM measurements that showed a homogeneous
distribution with grain sizes found in desired range of 3 to 5 um [1]. The coercivity of the
investigated magnets varies as a function of the milling time. As for sample with the milling
time of 6 hours, its coercivity is low due to the fact that its grains are too small. For magnets
with the milling time of 1 and 2 h, their coercivity also did not reach the highest value because
of relative large grains. Thus, the optimal milling time of 3 h is selected to fabricate magnets.
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Figure 3. Hysteresis loops of Nd s sFe;;Bs s magnets with different milling time prepared by
the same sintering process.

The effects of sintering time and temperature on magnetic properties of the magnets were
also studied (Fig. 4). For magnets sintered at 1080 °C for 0.5, | and 2 h, the change in coercivity
1s not significant with coercvity values of 4.7, 5.3 and 5.1 kOe (Fig. 4a). However, the value of
coercivity of fabricated magnets depends strongly on sintering temperature (Fig. 4b). This can
be explained that the percolation of secondary magnetic phases existed around each grain and
the diffusion rate of Nd-rich phase at grain boundary is controlied by sintering temperature. The
sintering temperature is selected to decrease re-crystallization of grains. If the sintering
temperature is selected unsuitably, the coercivity value will decrease because of large grain size
caused by re-crystallization process. Thus, the choice of sintering temperature is very important
in fabrication of sintered Nd-Fe-B magnets. From these results, the sintering temperature of
1080 °C and the sintering time of | h are optimal.
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Figure 4. Hysteresis loops of Nd-Fe-B samples prepared with different sintering times (a) and
temperatures (b)

The sintered magnets were then heat-treated to enhance energy product (BH)ma. This stage
is rather complicated with many parameters involved such as heating steps, time, method of fast
cooling... In this work, a two-stage heat treatment process was chosen and carried out using
RVS-260 furnace. At the first stage, the magnets were heated at T,)= 820 °C for | h and then
fast cooled down to room temperature. For the second stage, magnets were heated at different
temperatures, T,,, namely, 520 °C, 540 °C, 560 °C and 580 °C for | h and quenched rapidly by
Ar gas, Figure 5a showed a typical two-stage heat treatment process for Nd-Fe-B magnets. For
both the stages, the samples were heated with the rate of 30 °C/min and quenched rapidly with
the rate of about 50 °C/min.
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Figure 5 Typical Two-stage heat treatment process (a) and hysteresis loops of of Nd-Fe-B
magnets with different heat treatment regimes (b).

Figure 5b exhibits hysteresis loops of the samples with different heat treatment regimes.
Their coercivities were significant higher than those of untreated magnets and almost
unchanged with annealing temperatures in the range of 520 to 560 °C. However, the coercivity
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of the magnet with T,»= 540 °C is highest (7.7 kOe). The values of remanence B,, coercivity He
and maximum energy product (BH)m, were listed in table 1. Thus, the two-stage heat treatment
process is optimal with the follows: in the first stage, magnets were heated at T,, = 820 °C for 1
h and then fast cooled down to room temperature (rate of 30 °C/min) and in the second stage,
magnets were heated at T,»= 540 °C for | h and quenched rapidly by Ar gas (rate of 50 °C/min).

Table ! B,, M, (BH)m, values of Nd,, sFes;Bg s magnets heat-treated by
IWO-stage processes.

T, (°C) 520 540 560 580
B, (kG) 12.7 13.7 13.2 12.5
H, (kOe) 7.1 7.7 7.6 6.4
{BH)max (MGOe) 30.3 36.2 34.5 244

Figure 6a exhibits hysteresis loops of NdisFerBss magnets before and after
heat-treatment with T,, = 540 °C. The heat-treatment increases the coercivity but slightly
decreases the remanence of the magnet. To simultaneously increase coercivity and remanence
of the magnets needs further studies. Figure 6b shows the magnetic characleristic curves of the
best fabricated magnet. With the obtained parameters, our fabricated sintered Nd-Fe-B magnets
can be applied in practice.
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Figure 6. Hysteresis loops of Nds sFey,Bg s magnet before and after an optimal heat-treatment (a)
and their magnetic characteristic curves (b).

4, CONCLUSION

The influences of grinding, sintering and annealing processes on magnetic properties of
Nd4.sFes;Bg s magnets were investigated. We have established a stable technological processes
to fabricate Nd-Fe-B magnets by sintering method. With the optimized sintering and using
two-stage heat- treatment conditions, Nd-Fe-B magnets with (BH),ux over 35 MGOe can be
achieved.
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TOM TAT

TOT UU HOA PIEU KIEN CHE TAO NAM CHAM THIEU KET Nd-Fe-B QUY MO
BAN CONG NGHIEP

Pham Thj Thaoh', Nguyén Hai Yén, Nguy&n Huy Dén
Vién Khoa hoc vat li¢u, Vién Han lam KHCNYN, 18 Hoang Qudc Viél, Cau Gidy, Ha Noi

"Email: thanhpt@ims vast ac yn

Trong bai bdo nay, ching 16 trinh bay nhiing két qua nghién ciru cong nghé ché tao nam
cham thiéu két Nd-Fe-B. Anh hudng cua qua trinh nghién, ép mau, thiéu két va ché dé xu li
nhiét 1&n tinh chét tir cda nam cham vinh ciru di huémg Nd-Fe-B da duoc khio sét mot cach hé
thong. Véi cong nghé €p uot va ché o xir li nhiét hai giai doan, pham chat tir cia nam cham
dugc cai thién ding Kké. Diéu kién céng nghé tdi wu da duge tim lhay Nam cham thiéu két
Nd-Fe-B quy md bén cong nghiép von luc khéng tir 16n hon 7,5 kOe va tich ning lugng W trén
35 MGOe duge san xudt voi gid thanh thip, cé thé img dung trong thye té.

Tir khéa: nam chim thiéu két di huéng, lyc khang tir, tich nang lugng tir (BH )y, hop kim
Nd-Fe-B, vit liéu tir cirng,
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