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ABSTRACT

In this report, we present the results of studyfalrication technology for sintered
Nd-Fe-B magnets. Influence of grinding, pressirigtesing and heat treatment processes on
magnetic properties of the anisotropic Nd-Fe-B @eremt magnets was investigated
systematically. By applying wet-pressing technigunel two-stage heat treatment process the
technology and performance of the magnets can geifisantly improved. The optimal
technological conditions were found. A low costgtical applicable technological process has
been established to manufacture sintered Nd-Fe-gheta in pilot scale with their coercivity
larger than 7,5 kOe and maximum energy productaB&MGOe.

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

1. INTRODUCTION

Nowadays, Nd-Fe-B magnets occupy an important iposit the market of the permanent
magnets in the world because these materials grkedpwidely in practice such as motors,
generators, ore-separators, magnetic cushions fullFll requirements of various aspects of
practical applications, further enhancement of retignproperties and optimization of
fabrication technology of these magnets are stiticerned to study. There are several methods
such as sintering, melt-spinning and high energy iodling, which are used to fabricate
Nd-Fe-B magnets. Recently, the exchange-spring etagor nanocomposites of the Nd-Fe-B
material have attracted a lot of scientists. Howevbhe sintered magnets are currently
considered as an advanced hard magnetic matettakig highest actually achieved maximum
energy product (BH)x(above 50 MGOe). Many researchers continue to stbdytype of
Nd-Fe-B magnets to reach the theoretical valugBbt).x (64 MGOe) and lower the cost of
the material [1, 2, 3, 4, 5, 6]. In Vietnam, thatered Nd-Fe-B magnets with (BH)over 30
MGOe were obtained in laboratory by several resegmoups [7, 8, 9]. Nevertheless, it is
difficult to have a technology which can be appliacbractice as well as to raise the energy
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product (BH)..xclosed to the theoretical limit for sintered Nd#ewnagnets. In this work, we
optimize technological conditions for fabricatioh anisotropic sintered Nd-Fe-B magnets in
pilot scale. Influence of grinding, pressing, siittg and annealing processes on magnetic
properties of sintered Nd-Fe-B magnets was invatsit)

2. EXPERIMENTAL PROCEDURES

The pre-alloys with hominal composition of Ng-eBssand mass of 5 kg were prepared
from Nd, Fe and FeB (18 % B) on an induction fumaader Ar gas to avoid oxidation. The
alloys were induction-melted for about 30 minute$obe casting in a water-cooled mold with
inner size of 4 cm. The obtained alloy was crasimd small pieces with size smaller 2
centimeters and coarsely milled with amount of Kiy5per batch. The coarse powder was then
finely milled with amount of 1 kg per batch usimglustrial white gasoline as a solvent to avoid
oxygenation. The obtained powder with average gs&a of severalim was pressed, with a
pressure of 15 MPa, into rectangular parallelepipddets (6.85.5x3.5 cnf) in an oriented
magnetic field, yielded by an electromagnet, ofud®0 kOe. For this stage, the wet pressing
technique was used instead of the dry one. Thes@demagnet tablets were then sintered at
1050, 1080 and 1106C for 0.5, 1 and 2 h in vacuum. After that, thesagnets were
heat-treated in various conditions to improve thadercive force. In order to investigate
magnetic properties of the sintered magnets orisegunigh field magnetometer with maximum
magnetic field of 90 kOe, the cylinders with 3 miardeter and 3 mm height were cut from the
magnets by means of spark-cutting. To calculatentagimum energy product (Bk)of the
magnets the following relations were used:

(BH) = B.He 1)
Heff = Hext - 4TlpM mD (2)
B = 4T[pMm + Heff (3)

where: H, - external magnetic field, g - effective magnetic fieldp - mass density of the
material p = 7.6 g/lcm), M, - mass magnetization (obtained from magnetic hgsie
measurement), D - demagnetization factor dependimgatio of length | and diameter d of
sample.

Demagnetization factor was determined based omiresgperimental data sheet of D =
f(I/d) in a monograph book for magnetism and maigneaterials.

3. RESULTSAND DISCUSSTION

We investigated influence of milling time, in thange of 1 - 12 h, on size and
size-distribution of particles of the materials.eThower X-ray diffraction shows that the
milling process does not degrade the®&gLB phase. The grain size of the milled powder was
determined by scanning electron microscopy (SEMyufe 1 shows SEM images of the
powder with the milling time from 1 to 12 h. The Emages reveal that the grain size
decreases from about B to 1um when increasing milling time from 1 to 12 h.
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Figure 1. SEM images of the Nd-Fe-B powder with milling timel (a), 2 (b), 3 (c), 6 (d), 9 (e)
and 12 hours (f).
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Figure 2. Typical sintering diagram (a) and view of sinteMdlFe-B magnets (b).

With our old technology, the most disadvantagehefd¢onventional dry pressing is that an
additional time and labour consuming step of mixiagrequired to evaporate the gasoline
solvent. In addition, dried Nd-Fe-B powders suftfebe oxygenated easily and it is difficult to
be preserved. Consequently, we had to improve ipgesschnique. In this work, a wet pressing
technique was used instead of the dry one. Withatbepressing technique, the wet magnetic
powder can be pressed into tablets immediately bfteng separated from gasoline solvent by
using cloth bags. Two felt layers (~ 2 mm) wereduse cover the bottom and the top of
pressing samples to drip out gasoline during pngsdf these felt layers were not used, the
magnetic powder would be splashed out with gasoByeusing the wet pressing technique, we
can save not only time and labour but also the e@gmpowder, which are easily scattered in
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case of the dry pressing. After sintering, the wetssed magnets are still reliable good
mechanical properties, no crack nor distortionuFég2 presents a typical sintering diagram and
a picture of the fabricated magnets with mass ofia®.5 kg per tablet.

In comparison with the conventional dry pressings required to carried out with slower
heating rate at low temperature range (about 20hvbid the cracking caused by escaped
gasoline (Fig. 2a). Thus, for fabrication of sieMNd-Fe-B magnets by using the wet pressing
instead of the conventional dry one, the magnets lea produced at large scale with a
significant reduction in pressing time as well ailation.

Figure 3 exhibits the hysteresis loops of {NBe-Bes magnets prepared by the same
sintering process but with different milling tim@lith milling time in the range of 1 to 6 h, the
highest coercivity of 4.7 kOe was obtained for tfegnets with milling time of 3 h as shown in
Fig. 3. It is agreed with the results from SEM meaments that showed a homogeneous
distribution with grain sizes found in desired rangf 3 to 5um [1]. The coercivity of the
investigated magnets varies as a function of tHénguitime. As for sample with the milling
time of 6 hours, its coercivity is low due to thecf that its grains are too small. For magnets
with the milling time of 1 and 2 h, their coercivialso did not reach the highest value because
of relative large grains. Thus, the optimal millitige of 3 h is selected to fabricate magnets.
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Figure 3. Hysteresis loops of Ngg-€,7/B¢ s magnets with different milling time prepared by
the same sintering process.

The effects of sintering time and temperature ogma#ic properties of the magnets were
also studied (Fig. 4). For magnets sintered at 2a8@r 0.5, 1 and 2 h, the change in coercivity
is not significant with coercivity values of 4.73%nd 5.1 kOe (Fig. 4a). However, the value of
coercivity of fabricated magnets depends stronglysimtering temperature (Fig. 4b). This can
be explained that the percolation of secondary midgmphases existed around each grain and
the diffusion rate of Nd-rich phase at grain bougda controlled by sintering temperature. The
sintering temperature is selected to decrease ystatlization of grains. If the sintering
temperature is selected unsuitably, the coercixatye will decrease because of large grain size
caused by re-crystallization process. Thus, thécehaf sintering temperature is very important
in fabrication of sintered Nd-Fe-B magnets. Frorasth results, the sintering temperature of
1080°C and the sintering time of 1 h are optimal.
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Figure 4. Hysteresis loops of Nd-Fe-B samples prepared wifflrdnt sintering times (a) and
temperatures (b).

The sintered magnets were then heat-treated tamealemergy product (BE). This stage
is rather complicated with many parameters involsech as heating steps, time, method of fast
cooling... In this work, a two-stage heat treatmerdcess was chosen and carried out using
RVS-260 furnace. At the first stage, the magneteevieated at ;= 820°C for 1 h and then
fast cooled down to room temperature. For the sebaige, magnets were heated at different
temperatures, ;5 namely, 520C, 540°C, 560°C and 58C°C for 1 h and quenched rapidly by
Ar gas. Figure 5a showed a typical two-stage heatrment process for Nd-Fe-B magnets. For
both the stages, the samples were heated withatheof 30°C/min and quenched rapidly with
the rate of about 5&C/min.
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Figure 5. Typical Two-stage heat treatment process (a) astetssis loops of of Nd-Fe-B
magnets with different heat treatment regimes (b).

Figure 5b exhibits hysteresis loops of the sampligis different heat treatment regimes.
Their coercivities were significant higher than gshoof untreated magnets and almost
unchanged with annealing temperatures in the rah§20 to 560°C. However, the coercivity
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of the magnet with = 540°C is highest (7.7 kOe). The values of remanenced@rcivity H
andmaximum energy product (BK) were listed in table 1. Thus, the two-stage hesttinent
process is optimal with the follows: in the firsage, magnets were heated at=T820°C for 1

h and then fast cooled down to room temperaturte @&30°C/min) and in the second stage,
magnets were heated ap¥ 540°C for 1 h and quenched rapidly by Ar gas (rate ofGnin).

Table 1. B,, H., (BH)max values of Ngs §~€,7B¢ s magnets heat-treated by
two-stage processes.

T2 (°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 36.2 345 24.4

Figure 6a exhibits hysteresis loops of |Nffe-Bss magnets before and after
heat-treatment with ;= 540 °C. The heat-treatmerihcreases the coercivity but slightly
decreases the remanence of the magnesimaltaneously increase coercivity and remanence
of the magnets needs further studies. Figure 6ivsliloe magnetic characteristic curves of the
best fabricated magnet. With the obtained parameter fabricated sintered Nd-Fe-B magnets
can be applied in practice.
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Figure 6. Hysteresis loops of Ngse,/Bs s magnet before and after an optimal heat-treatif@nt
and their magnetic characteristic curves (b).

4. CONCLUSION

The influences of grinding, sintering and annealimgcesses on magnetic properties of
Ndys F€,7Bs 5 magnets were investigated. We have establishéabéegechnological processes
to fabricate Nd-Fe-B magnets by sintering methodthWwhe optimized sintering and using
two-stage heat- treatment conditions, Nd-Fe-B megmdth (BH),.« over 35 MGOe can be
achieved.
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TOM TAT

TOI UU HOA PIEU KIEN CHE TAO NAM CHAM THIEU KET Nd-Fe-B QUYMO
BAN CONG NGHIEP

Pham Thi Thanh, Nguyén Hai Yén, Nguyén Huy Dan

Vién Khoa hoc vit liéu, Vién Han lam KHCNVN, 18 Hoang Quéc Viét, Cau Gidy, Ha Ngi
"Email: thanhpt@ims.vast.ac.vn

Trong bai bamay, ching t6i trinh bay nhirng két qua nghién ciru cong nghé ché tao nam
cham thiéu két Nd-Fe-B. Anh hudng cua qua trinh nghién, ép miu, thiéu két va ché do xu li
nhiét 1én tinh cht tr cia nam cham vinh ctu di hudng Nd-Fe-B da dugc khao sat mdt cach hé
thong. Vi cong nghé ép udt va ché do xur 1f nhiét hai giai doan, phim chat tir cia nam cham
duogc cai thién dang ké. Diéu kién cong nghé tdi wu di duoc tim thidy. Nam chiam thiéu két
Nd-Fe-B quymoé ban cong nghiép voi luc khang tir 1o6n hon 7,5 kOe va tlch nang lugng tur trén
35 MGOe duoc san xuit véi gia thanh thip, c6 thé ung dung trong thuc té.

Tir khéa: nam cham thiéu két di hudng, luc khang tir, tich ning luong tir (BH)max hop kim
Nd-Fe-B,vat liéu tir cung.

472



