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Spherical or nearly regular hexagonal Nd powders with the size of 20-150 nm, Fe powders
with the size of 20-150 nm and Mo powders with the size of 80-100 nm were prepared by
Argon and Hydrogen arc plasma. The nanostructural NdFe o5Mo0,5 compound with
ThMn,-type structure have been formed after having been mechanically alloyed for 6-12
hours and crystallized at 700-850 °C under high purified Argon atmosphere. After having
been nitrided at 400-500 °C for 2 hours, NdFeqgsMo1 5N, nanopowders with ThMn,-type
structure can be obtained, which have excellent permanent magnetic properties such as
iH; within range of 360.4-716.2 kA/m (4528-8997 QOe), B, within range of 0.6363-0.9831 T
(6363-9831 Gs), (BH)max Within range of 42.87-166.2 kJ/m? (5.386-20.88 MGOQOe). © 2001
Kluwer Academic Publishers

1. Introduction are spherical also, with diameter ranging from 50 nm
NdFeqosMo15Ny with M =Ti, V, Mo, Si, Cr etc.,, to 200 nm, mostly between 80 nm and 100 nm. High-
have been recognized as suitable candidates for peresolution transmission electron microscope (HRTEM)
manent magnet applications since their discovery inmage shows that Fe nanopowders have many twins that
1990 [1]. It has been reported the formation of a fineare 2—4 nm (Fig. 2). X-ray diffraction (XRD) patterns
crystalline microstructure that shows high coercivitiesshow that all the nanopowders appear the shape diffrac-
can be achieved using the mechanical alloying techtion peaks, which show the characteristic of crystalline
nique and solid state reaction by heat treatment [2, 3](Fig. 3).
In this study, we report the NdigsMo, sNy obtained Fig. 4 is XRD patterns of NdRgsMo1 s mixtures
by mechanical alloying, crystallizing and nitriding us- mechanically alloyed for different periods under a
ing element nanopowders. high-purified Argon atmosphere. No Brag peak can be
seen except for the (110) peakmfFe. XRD patterns
show the mechanically alloyed NdfggMo; 5 powders
2. Experiment are composed of amorphous phase and nanostructural
Nd, Fe and Mo Nanopowders were preparede-Fe. The width of the (110) peak ofFe is widened
by evaporation-concentration method using Argonas the milling time is prolonged. The average grain size
and Hydrogen arc plasma. Mechanical alloying ofis estimated using Scherrer formula [4] (Table I). When
NdFeosMo;5 powders was performed in a high- the milling time islonger, the average grain sizeeffe
energy ball miller under a high-purified Argon atmo- is finer. After mechanically alloyed for 12 hours, the av-
sphere using these nanopowders. The mechanically adrage grain size af-Fe is 3.7 nm, which is equal to the
loyed powders were annealed at 700—85@or 30 min  width of the twins (Fig. 2). This is so probably because
to form ThMny,-type structure. After having been ni- when the nanopowders are milled and broken along the
trided at 400-500C for 2 hours, NdFgsMo1 5Ny weak twin boundaries. As the grains become finer and
with the ThMny»-type structure was obtained. finer, it becomes more difficult to break the-e grains.
The relation between amorphous phase formation
and milling time was investigated using HRTEM
3. Results and discussions (Fig. 5). There is amorphous phase area with 1-2 nm
Transmission electron microscope (TEM) images showvidth among nanopowders which have been mechan-
the shapes of nanopowders (Fig. 1). Nd nanopowdergally alloyed for 1 hour. After having been mechani-
are almost regular hexagons that are about 50 nm. Feally alloyed for 3 hours, amorphous phase area with
nanopowders are spherical with diameter ranging fron2—4 nm width can be formed and the boundaries among
20 nmto 150 nm, mostly about 50 nm. Mo nanopowdershanopowders are indistinct. The width of amorphous

0022-2461 © 2001 Kluwer Academic Publishers 107



Figure 1 Micrographs of nanopowders (TEM). (a) Nd; (b) Fe; (c) Mo.

Figure 2 Twins of Fe nanopowders (HRTEM).
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Figure 3 XRD patterns of nanopowders. (a) Nd nanopowders; (b) Fe
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TABLE | The awrage grain size ok-Fe of mechanically alloyed
NdFeosMo; 5 alloys

Milling Time (hrs) Average grain size (nm)

1 16.6
3 10.0
6 5.0
9 4.2
12 3.7
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Figure 4 XRD patterns of mechanically alloyed NdfkgMo1 5.

amorphous phase and nanostructuréde with 2—-5 nm
width, which have well distributed.

Nanopowders exhibit special thermodynamic char-
acteristic, such as its low melting point. The tempera-
ture of nanopowders go up when milling. The nanopow-
ders are melted and alloyed with each other. Then
the heat energy of alloyed molten drops are absorbed
and conducted by huge steel balls. The alloyed molten
drops are rapidly solidified and formed fragile amor-
phous phase in the surface of nanopowders. As the mill
is prolonged, the amorphous phase become more and

phase area reaches 10 nm and the boundaries amonmre. The samples are composed of amorphous phase
nanopowders disappear after having been mechanicalgnd nanocrystalline-Fe in the end. So the mecha-
alloyed for 6 hours. After having been mechanically nism of amorphous phase formation is melting-rapid
alloyed for 12 hours, the samples are composed ofolidification.
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Figure 5 High-resolution images of mechanically alloyed Ngf=Mo; 5 (HRTEM). () MA1h; (b) MA3h; (c) MA6h; (d) MA12h.

Fig. 6 is a differential thermal analysis (DTA) curve tion of amorphous phase. In crystallization stage, the
that is measured under an high purified Argon atmoNd and Mo atoms solubilize in nanostructuralFe,
sphere with heat rate of 10C min~t. At 237.14°C  then form nanostructural-Fe supersaturated solid so-
there is an exothermic peak which is caused by struclution. Solid state reaction happens between 419C19
tural relaxation in amorphous phase. At 27083 and 958.72C. In solid state reaction stage, nanostruc-
there is an endothermic peak which is caused by théurala-Fe supersaturated solid solution transforms into
incubation period of crystallization of amorphous Nd(Fe,Mo), with ThMnz,-type structure. Surpassing
phase. At 331.43C and 419.19C, there are two 958.72°C, thereisanew base line. At 1312 %Dthere
exothermic peaks, which are caused by crystallizais an endothermic peak, which is caused by melting of
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4 TABLE Il The Average grain size of Nd(Fe,Mg) (Mechanically
H alloyed for 6 hrs and crystallized at different temperature for 30 min)

1 237.14C
: I z ms3c Crystallizing temperature C) Average grain size (nm)
3 33143 °C
or 4 41919C 700 18.7
i 5 958.72°C 750 23.5
2F 6 131250 C 800 323

4

TABLE IIl The magnetic properties of Nd(Fe,M@Nx mechani-
cally alloyed for 9 hours, annealed at 780 for 30 min and nitrided at
different temperature for 2 hours

Temperature difference("C)

sk

5
|
0
1

-8}

- , Nitriding Br IHe (B H)max
-10 . ! N ' ' temperature’C) T Gs kAm Oe kiM MGOe
0 200 400 600 800 1000 1200 1400
. 400 0.6363 6363 3604 4528 4287 5386
Temperature('C) 450 0.8982 8982 7040 8844 1531 19.23
500 0.9831 9831 677.1 8506 166.2 20.88

Figure 6 DTA curve of mechanically alloyed NdigsMo1 5.
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permanent magnetic properties are Intrinsic coer-
| ' ' ' ' civity iH.=6774 kA/m (8.51 kOe), remanence
25 30 35 40 45 50 55 B,=0.9831 T (9.83 kGs), maximum energy prod-
28( %) uct (B H)max= 1662 kJ/n? (20.88 GMOe). The good

magnetic properties are contributed by the nanostruc-
Figure 7 XRD patterns of NdFg sMo1 5 alloy mechanically alloyed tural Nd(FevMoth-

for 6 hours and annealed at different temperature for 30 min.

4. Conclusions
Nd(Fe,Mo).. Fig. 7 shows the XRD patterns of the me- 1. Nd, Fe and Mo nanopowders, prepared by argon
chanically alloyed NdFgsMo1 5 annealed at different and hydrogen arc plasma, are nearly regular hexago-
temperature for 30 min. NdiggsMo1 5 is composed of  nal or spherical. There are many 2—4 nm twins in Fe
Nd(Fe,Mo), and an amount ok-Fe. The amount of nanopowders.
a-Fe decreases asincreasing the annealing temperature2. NdFgosMo015 mechanically alloyed for 12 h, is
a-Fe Brag peak disappears when the samples have beeamposed of amorphous phase and nanocrystalline
annealed at 800C for 30 min. The average grain size a-Fe. The average size of nanocrystalliaeFe is
of Nd(Fe,Mo)> is estimated using Scherrer formula 3.7 nm.
[4] (Table II). The average grain size of Nd(Fe,M®) 3. The mechanism of amorphous phase formation is
coarsen quickly with raising annealing temperature. melting-rapid solidification.

The NdFggsMo1 5Ny can be obtained after having
been nitrided at temperature from 4@to 500°C for

2 hours. The magnetic properties of N@dfsMo1 5Ny
are listed in Table Ill. The intrinsic coercivityH,
tend to increase with increasing nitriding temperatureannealing temperature. The annealing temperature is
Fig. 8 is a typical hysteresis loop of NdfggMo1 5Ny
mechanically alloyed for 9 hours, annealed at 7560 annealing temperature results in the coarseness of
for 30 min and nitrided at 500C for 2 hours. The Nd(Fe,Mo)..
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4. DTA shows that amorphous phase structure relax-
ation, amorphous crystallization and solid stage reac-
tion occur in heating.

5. The amounix-Fe of samples is controlled by

higher, the amount of-Fe is lower. But too high
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