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Abstract. In this paper, we investigated the influence of additional compounds of Dy-Nb-Al, Nd-Cu-
Al... on the coercivity of the sintered Nd,ssFe;;Bgs magnets. The additional compounds were first
prepared by arc-melting method and then ground into particles with size in the range of 40 - 80 nm
using a high energy ball milling method. After that, the additional powder were mixed with micrometer
Nd-Fe-B powder before magnetic anisotropic pressing, vacuum sintering and annealing. The structure
of the magnets was thoroughly analyzed using X-ray diffraction and electron microscopy techniques.
The magnetic properties of the magnets were investigated on a pulsed field magnetometer. The results
show that the coercivity of the sintered Nd-Fe-B magnets can be improved by introducing additional
nanoparticles to their grain boundaries. The improvement of the coercivity of the magnets is clearly
dependent on composition and fraction of the additional compounds. The coercivity has been enhanced

40% for the magnets by adding 3 wt% of the Dy-free compound of Nd4oCusyAls.

1. Introduction

Due to excellent magnetic properties such as the high
saturation magnetization (M; = 16 kOe) and large
magnetocrystalline anisotropy (Hy = 75 kOe) of the
Nd,Fe;4B phase, the sintered Nd-Fe-B magnets are
widely applied in practice [1, 2]. However, the rapid
decrease of the coercivity H, by the thermal
demagnetization limits applications of the magnets in the
devices with high operating temperature (~ 200°C) such
as motors, generators... [3]. Because the decrease of the
coercivity leads to the reduction of power and efficiency
of the devices, a requirement of sintered Nd-Fe-B
magnets for these applications is high coercivity.
Previous investigations have shown that the coercivity of
this type of Nd-Fe-B magnets can be enhanced by new
technology measures such as multi-stage heat treatment,
grain boundary diffusion, element addition... [4-10].
Especially, the addition of compound containing Dy, Al,
Cu, Nb... to grain boundary is more and more concerned
to study [11-18]. Each element in additional compounds
differently affects on the magnetic properties of the
magnets. With addition of compound containing Dy, the
coercivity is considerably increased by the formation
(Nd,Dy),Fe;4B phase with high magnetocrystalline
anisotropy. Meanwhile, the remanence B, of the magnets
is little decreased due to the anti-ferromagnetic coupling
between Fe and Dy. It is known that the magnetic
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properties of sintered Nd-Fe-B magnets are dependent
not only on the intrinsic properties of the hard magnetic
phase Nd,Fe 4B, but also on the microstructure of the
material. Other research results have been confirmed that
both of Al and Cu do not enter the Nd,Fe 4B phase,
hence the intrinsic properties (M and H,) of the
Nd,Fe 4B grains remain unchanged. These elements of
Al and Cu mainly help to improve microstructure such
as uniform distribution of grain boundaries, controlling
of the particle size... As for Nb, it has the effect to
destroy the disadvantage crystalline Fe-rich areas to
improve the corrosion resistance ability and increase the
coercivity of the magnets. In this work, the influence of
the additional compounds of Dy-Nb-Al, Nd-Cu-Al... on
the coercivity of the sintered Nd-Fe-B magnets was
investigated.

2. Experimental

The pre-alloys with nominal composition of
Nd,¢.sFe;7Bgs were prepared from Nd, Fe and FeB (18%
B) on an induction furnace for about 30 minutes under
Ar gas to avoid oxidation. The resulted ingots was
crashed into small pieces with size smaller 2 centimeters,
coarsely milled and was then fine milled in 8 h by using
ball milling method. Industrial white gasoline was used
as a solvent during milling process to avoid oxygenation.
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The additional alloys with compositions of Nd;,CuzgAlsg
(P1), DysNbspAlsy (P2), DyaoZrsAlyy (P3) and
NbyoCuzAlsg (P4) were first prepared by an arc-melting
furnace. These additional alloys were then pulverized by
high energy ball milling method with milling time of 4 h
to create nanoparticles with size smaller than 100 nm.
The solvent/material and ball/powder ratios are 1/1 and
4/1, respectively. The Nd-Fe-B powder were mixed with
the powder of additional compounds with the various
weight fractions. The mixed powder was compressed
with a pressure of 15 MPa, into rectangular
parallelepiped tablets (6.5x5.5x3.5 c¢m’) in an oriented
magnetic field, yielded by an electromagnet, of about 20
kOe. The pressed magnet tablets were then sintered at
1080°C for 1 h in vacuum. After that, these magnets
were heat-treated to improve their coercive force. A two-
stage heat treatment process was chosen and carried out
using a vacuum furnace. At the first stage, the magnets
were heated at T,; = 820°C for 1 h and then fast cooled
down to room temperature. For the second stage,
magnets were heated at temperatures, T,,, of 540°C for 1
h and quenched rapidly by Ar gas. 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. The
structure of the materials was thoroughly analyzed by
using X-ray diffraction (XRD), scanning electron
microscope (SEM). In order to investigate magnetic
properties of the sintered magnets on a pulsed high field
magnetometer, the specimens of cylinders with 3 mm
diameter and 3 mm height were cut from the magnets.
To calculate the maximum energy product (BH)pax
demagnetization factor was estimated based on a semi-
experimental data sheet.

3. Results and discussion

Fig. 1 shows SEM images of additional compounds
powder with milling time of 4 h. We can see that with
the P2 sample, the grains is coalesced so it is difficult to
observe individual grains.

Fig. 1. SEM images of the P1 (a), P2 (b), P3 (c) and P4 (d)
powder with milling time of 4 h.

As for the P1, P3 and P4 powders, the grain size is
relatively uniform, in the range of 40-80 nm. This is the

desired size to mix with the master Nd-Fe-B alloy
powder. X.G. Cui et al. suggested that nanopowders are
probably distributed on the surface of Nd,Fe ;B grains
more evenly than micro-scale powders [19]. With the
increased activity due to the higher surface energy,
nanopowders would be melted first and then dissolved in
the liquid phase during sintering, leading to a
homogenous distribution of intergranular phase.

The structure of addition powders was further
investigated through the XRD patterns (Fig. 2).
However, the use of X-ray diffraction patterns is not to
determine the crystalline phases in the samples, but only
to confirm nanostructure of the obtained powders with
above milling time. The results show that with the 4 h
milling time, compounds of P1 and P4 still have
relatively high crystalline diffraction peaks, but the
fraction of these peaks is negligible. Meanwhile, with the
other additional compounds, expanding, low intensity
and non-sharp of diffraction peaks characterize for
crystalline phase in nanometer size. It is agreed with
obtained results from the SEM images.
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Fig. 2. XRD patterns of P1 (a), P2 (b), P3 (c) and P4 (d)
powder with milling time of 4 h.
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Fig. 3. Hysteresis loops of the magnets added with 2 wt% of
additional compounds after sintering at 1080°C for 1 h.

In our previous study, the influence of Dy,;Nd;3yAls
nanopowders on magnetic properties of the sintered Nd-
Fe-B magnets was investigated. With 2 wt% of
Dy4Nd;pAlyy  nanoparticles, the coercivity is
significantly enhanced (above 20 kOe) [20]. For this
study, 2 wt% of nanoparticles of the additional
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compounds were mixed with Nd-Fe-B master alloy
powders having size of about 2-5 um. Hysteresis loops
of un-added and added (without and with additional
compounds) magnets after sintering at 1080°C for 1 h
(as-sintered) are presented in Fig. 3. We can see that the
hard magnetic properties of the added magnets are
degraded with coercivity (H. < 2 kOe) lower than that of
the un-added magnets (H, = 5.5 kOe) except the one
added with P1 compound (H. = 6.5 kOe). We also
realize that, the saturation magnetization of all the added
magnets is decreased. This can be explained that, all of
the addition compounds are non-ferromagnetic which
reduces the volume fraction of ferromagnetic phase. On
the other hand, the additional compounds can effect the
ferromagnetic interaction of the materials, leading to the
decrease of the saturation magnetization. However, the
squareness of the hysteresis loops of the magnets is
better. The reduction of coercivity probably is due to
different optimal fabrication conditions for each addition
compound, which contains different elements with
different effects on sintering temperature and time. The
Dy4Nd3Als, additional compound of our previous study
has the largest concentration of rare earth (70%), which
does not affect on sintering regime and creating high
coercivity for the magnets.
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Fig. 4. Hysteresis loops of the magnets added with various
fractions of Nd4CusAlso before (a) and after (b) heat
treatment.

As well-known that, the Dy adding is an effective
way to produce sintered Nd-Fe-B magnets with the high
coercivity, which meets the application requirements for
the motors and generators. However, the natural
abundance of Dy is about 10 times less than that of Nd
and its cost is much more expensive than that of Nd
(about 4 times). Thus, investigations to enhance the
coercivity without using Dy are important. In the

fabricated additional compounds, the Nd,CuzpAls, alloy
in form of nanoparticles was chosen to investigate the
influence of its weight fraction on magnetic properties of
the magnets. Fig. 4 shows hysteresis loops of the
magnets added with various fractions of Nd4CujpAlsg
before and after heat treatment. It can be realized that,
the change of the coercivity on various fractions before
heat treatment is not significantly. However, after heat
treatment the coercivity was considerably enhanced and
relatively changed with the different additional fractions.
Nevertheless, the squareness of the hysteresis loops of
the magnets is worse. In the second quadrant
demagnetization curves of the heat-treated magnets, a
small dip appears. These dips can be caused by physical
or chemical modifications of the grain boundaries, which
may reduce the local nucleation field. For examples, the
formation of the soft magnetic a-Fe phase would create
nucleation centres for reversed magnetic domains
resulting in the dips in the demagnetization curves of the
added magnets.

6.5

H (kOe)
o

551

0 1 2 3 4 5

Amount of NdAnCumAlm (wt%)
a)

H (kOe)

0 1 2 3 4 5
Amount of NdAOCu Al (Wt%)

b)

Fig. 5. The dependences of coercivity H, of the added magnets
on various fractions of Nd;,CusoAls, before (a) and after (b)
heat treatment.

The dependence of coercivity H. of the added
magnets on various fractions of Nd4,CuzoAlsp before and
after heat treatment are shown in Fig. 5. We can see that
the H, slightly increases as the Nd4oCuzpAl;y amount
increases from 1 to 2 wt% (from 5.8 to 6.5 kOe for
magnet before heat treatment, and from 7.5 to 8 kOe for
magnet after heat treatment). The highest coercivity for
added magnets before and after heat treatment was
obtained to be 6.7 kOe and 9.5 kOe, respectively, with
fraction of 3 wt%. The H. decrease rather rapidly when
the adding amount is over 3 wt%. Therefore, the optimal
additional amount of Nd4oCusoAlsg is 3 wt%.

The reduction of the coercivity with large additional
fractions (4 and 5 wt%) probably is due to formation of
disadvantage phases at grain boundaries for hard
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magnetic properties of the magnets. At the same time,
heat treatment process might not create the desirous
microstructure. Thus, the further enhancement of the
coercivity of Dy-free sintered Nd-Fe-B magnets needs
more carefully and systematically researches.

Fig. 6. Magnetic characteristic curves of un-added (a) and 3%
Nd4oCuszpAl;p added magnets (b) after heat treatment.
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Fig. 7. The dependences of maximum energy product, (BH) ..
of the added magnets on various fractions of Nd;,CuseAlsg
after heat treatment.

Maximum energy product, (BH).x, of the un-added
and 3 wt% Nd4CuzpAl;p added magnets after heat
treatment was calculated to be ~ 40 MGOe and ~ 38
MGOe, respectively (Fig. 6). The lower (BH)p.x of the
added magnets with various fractions of NdyoCusyAls, as
shown in Fig. 7, probably is due to a reduction of
saturation magnetization by these non-ferromagnetic
additional nanoparticles. These values of (BH);,,x might
be improved by an optimal heat treatment (further
investigation of heat treatment is needed).

4. Conclusion

The influence of additional compounds on coercivity
of the sintered Nd¢sFe;7Bgs magnets has been
investigated. The highest coercivity, H., and the largest

maximum energy product, (BH),.x, have been obtained
to be 9.5 kOe and 38 MGOe, respectively, with 3%
Nd4oCuszpAlyy additional nanopowders and suitable
technological conditions. The coercivity of the sintered
Nd-Fe-B magnets can be increased 40% by addition of
Nd4oCuspAlsg nanoparticles.
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experiments were done in the Key Laboratory for Electronic
Materials and Devices, Institute of Materials Science, Vietnam
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