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Abstract: Effects of milling and crystallization conditions on microstructure, such as amorphous phase and nanocrystalline phase,
were investigated by X-ray diffractometry(XRD), differential scanning calorimetry(DSC), and transmission electron microscopy
(TEM), respectively. The results show that nanocomposite Nd,Fe 4,B/a-Fe powder can be prepared by mechanical milling in argon
atmosphere and a subsequent vacuum annealing treatment. The grain sizes of both Nd,Fe 4B and a-Fe phase decrease drastically with
increasing milling time. After milling for 5 h, the as-milled material consists of a-Fe nanocomposite phases with the grain size of 10
nm, and some amorphous phases, which can be turned into Nd,Fe ;B/a-Fe nanocomposite phases by the subsequent annealing
treatment. Milling energy of mechanical milling after 5 h by theoretical calculation is 6 154.25 kJ/g.
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1 Introduction

In recent years, considerable attention has been
focused on nanocomposite Nd,Fe,4B/a-Fe magnets[1—4],
because they have remanences J, larger than the
Stoner-Wohlfarth value Jy/2 (J;, saturation magnetic
polarization) and can maintain high coercivity. The
nanocomposite magnets are composed of a hard phase
(Nd,Fe;;B) and a soft phase (a-Fe). Among the
nanometer grains (<100 nm), exchange coupling exists,
leading to a reduced remanence J,/Js of about 0.7 and to a
higher Curie temperature. But the values of the
energy  product  (BH)n.x  achieved
experimentally have been much smaller than those
predicted theoretically[5—8].

As we know, the microstructure of Nd,FesB/a-Fe
plays an important role in magnetic properties. Much
effort has been made to optimize microstructure by using
various preparation methods, such as

maximum

mechanical
alloying, melt spinning or sputtering, and element
substitution. Mechanical milling as an alternative
preparation technique to produce nano-structured
Nd-Fe-B powder has also been reported by many
authors[9—12]. milling has a unique
advantage of refining microstructure of powder materials,

Mechanical

and it can lead to an amorphous or nanocrystalline alloy
powder that must be subsequently annealed to restore the
Nd,Fe 4B hard magnetic phase.

In this paper, the effects of milling and
crystallization conditions on the microstructure, such as
amorphous phase and nanocrystalline phase, were
investigated.

2 Experimental

The starting materials were the as-cast Nd,Fe4,B
alloy with total impurities less than 0.5% (mass fraction)
and carbonylic iron powder with total impurities less
than 0.1% (mass fraction). The powder mixtures were
milled in an attritor ball mill under a purified argon
atmosphere for 5 h. The mass ratio of ball to powder was
20:1 and the milling rotation speed was 300 r/min. The
as-milled powder was heat-treated at various
temperatures for 30 min in vacuum sintering furnace.

For the purpose of preventing oxidation, the
charging and discharging of the alloy powder were
performed in a glove box. Before milling operation, the
vial was evacuated and then filled with argon until the
pressure of 0.1 MPa was reached. This procedure was
repeated whenever subsequent discharging operation was
carried out to take sample powder out from the mill. The
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phase changes due to ball milling and subsequent heat
treatment were characterized by X-ray diffraction(XRD)
using Cu K, radiation. Particle sizes of alloy powder
were measured with an atom force microscope(AFM), a
transmission electron microscope (TEM) and scanning
electron  microscope(SEM).  Differential  scanning
calorimetry(DSC) was employed to determine the
crystallization temperature of alloy powder. The effect of
milling energy on amorphous phase and nanocrystalline
phase formed was investigated.

3 Results and discussion

3.1 Effect of milling time on microstructure

Fig.1 shows the XRD patterns of the alloy powder
milled for various time in argon atmosphere. It was seen
that the starting powder (denoted by 0 h in Fig.1) was
characterized by a dominant tetragonal Nd,Fe 4B phase,
i.e., the magnetic matrix of the NdFeB alloy, and a
portion of free a-Fe. By mechanical milling in argon, the
diffraction peaks of both Nd,Fe;B and a-Fe phase
became gradually broadened in width and decreased in
intensity. However, no new peaks were observed. This
suggests that mechanical milling in argon does not
change the constituent phases, Nd,Fe 4B and a-Fe, of the
alloy, but the crystallite sizes of Nd,Fe;4B and a-Fe
phase decrease steadily with increasing milling time.
After 5 h milling, the alloy powders have decomposed
into an amorphous phase and nanocrystalline a-Fe phase.
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Fig.1 XRD patterns of alloy powder milled for various time

The average grain sizes of Nd,Fe 4B phase and a-Fe
phase for various milling time were estimated by X-ray
diffraction using Scherrer’s formula D=0.9/(Bcos 6)[13],
as listed in Table 1.

Obviously, the grain size of Nd,Fe;4B and a-Fe
phase was decreased apparently with increasing the
milling time. After 2 h, the grain sizes of Nd,Fe 4,B and
o-Fe phase were 40 nm and 31 nm respectively. After 5 h
milling, the as-milled material consisted of a-Fe nano-

Table 1 Effect of milling time on grain size

Milling Grain size of Nd,Fe ;4B Grain size of a-Fe
time/h phase/nm phase/nm

2 40 31

4 20 15

5 Amorphous 10

composite phase with grain size of 10 nm, and some
amorphous phase.

TEM image and corresponding electron diffraction
pattern of alloy powder milled for 5 h in argon
atmosphere are shown in Fig.2. The TEM observations
and electron diffraction patterns show that the alloy
powder milled in argon atmosphere for 5 h consists of
amorphous phase and nanocrystalline a-Fe phase with a
grain size of about 10 nm, which is consistent with the
XRD results.

Fig.2 TEM image and corresponding electron diffraction
pattern of alloy powder milled for 5 h

Figs.3(a), (b) and (c) show the particle size of alloy
powder for various milling time. It is obvious that the
particle size of the powder decreases with increasing
milling time. Agglomerated particle is observed
evidently in Fig.3, which causes difficulty in measuring
the particle size exactly.

In order to observe particle size and particle
distribution of powder, AFM analysis result is shown in
Fig.4. It can be seen that particle distribution of powder
was uniform and the average particle size was 0.2—0.3
um after milling for 5 h. Both the small particle size and
uniform structure are beneficial to obtaining the optimum
microstructure after heat-treatment.

3.2 Effect of crystallization temperature on micro-
structure
In order to determinate the crystallization
temperature accurately, DSC analysis result of alloy
powder milled for 5 h is shown in Fig.5. It is obvious that



140 WANG Ying, et al/Trans. Nonferrous Met. Soc. China 17(2007)

18.8um

Fig.3 SEM images of alloy powder milled for various time:
(a)2h;(b)4h;(c)5h

there are three exothermic peaks in Fig.5. The first
exothermic peak that occurred near 230 ‘C was caused
by strain energy during milling. Crystallization
temperature of o-Fe was 440 C [14], which
corresponded to the second peak in Fig.5. Nd,Fe;4,B
phase was crystallized between 600 C and 800 C.
Based on the DSC analysis, crystallization temperature
of alloy powder was chosen as 650, 700 and 750 ‘C for

x/ pm

(b)

Fig.4 AFM images of alloy powder milled for 5 h: (a) 3D-
pattern; (b) 2D-pattern
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Fig.5 DSC analysis results of alloy powder milled for 5 h

30 min milling, respectively.

Fig.6 shows that nanocrystalline Nd,Fe;4B phase
coexisted of a-Fe in nanoscale. Moreover, Nd,Fe;,B
phase crystallized completely at 650 ‘C for 30 min. The
diffraction peaks of Nd,Fe;4B and a-Fe phase became
gradually narrowed in width and increased in intensity.
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This suggests that the grain size of Nd,Fe 4B and a-Fe
phase increases steadily with increasing crystallization
temperature. It means that it is not necessary to enhance
crystallization temperature further.
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Fig.6 XRD patterns of alloy powder for various crystallization

temperatures

Variation in grain size of Nd,Fe 4B and a-Fe phase
with different crystallization temperatures is listed in
Table 2. In general, increase of grain size due to
increasing crystallization temperature was observed. The
grain sizes of Nd,Fe 4B phase and a-Fe phase were 30
nm and 41 nm at 650 °C. Furthermore, grain growth rate
of a-Fe phase was larger than that of Nd,Fe4B.

Table 2 Grain size of alloy powder for various crystallization

temperatures
Crystallization Grain size of Grain size of
temperature/ C Nd,Fe ,B/nm o-Fe/nm
650 30 41
700 52 65
750 70 90

TEM micrograph of alloy powder crystallized at
650 ‘C for 30 min is shown in Fig.7. It is obvious that
Nd,Fe 4B phase was crystallized from amorphous phase.
Grain size of Nd,Fe 4B phase was about 30 nm and grain
size of a-Fe phase was about 40 nm, which was
consistent with the results of Table 2 based on XRD
patterns. The Nd,Fe 4B/a-Fe powder with fine grain size
will build good foundation on obtaining permanent
magnetic materials with high properties.

3.3 Calculation of milling energy
Based on the calculation model[15], plastic
deformation energy of powder can be written as
_ Ny

E, 5 ‘ng - E, (1)

Fig.7 TEM micrograph of alloy powder crystallized at 650 C
for 30 min

where N, is ball number and 7. is number of collision.
E, is plastic deformation energy of the powder at
each collision, which can be written as

gmax
Ey=[ ™ V.-0-de=V, 0 & )

where V. is volume of the powder caught by each
collision and o is flow stress of powder.

Emax 18 strain of the powder after each collision,
which can be given by

hy
Emax = In( A 3)
where hjy is height of powder before collision and 4, is
height after collision.

According to Eqn.(1) and milling parameter, the
calculated milling energy is listed in Table 3. The milling
energy of attritor ball milling reached 6 154.25 kl/g after
milling for 5 h. While for planetary ball milling it was
1 204.1 kJ/g after milling for 30 h[16], which demon-
strated that the efficiency of attritor ball milling was
higher than that of planetary ball milling.

Table 3 Attritor ball milling enegy with different milling time

o v/ Ly 14 E/(kI-g™h
MPa (10°m’) m (ms') 2p 4h 5h
2 9.4 0076 1.5 2461.70 4923.40 6 154.25

4 Conclusions

1) After milling for 5 h, the as-milled materials are
composed of amorphous and a-Fe nanocomposite phase
with grain size of about 10 nm. The particle sizes of the
alloy powder milled for 5 h is about 0.2—0.3 um. The
distribution of particles is uniform.

2) Alloy powder after milling for 5 h is crystallized
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at different temperatures. The grain sizes of Nd,Fe ;4B
and the a-Fe phase are 30 nm and 41 nm at 650 C,
respectively. Furthermore, grain growth rate of o-Fe
phase is larger than that of Nd,Fe 4B phase.

3) The calculated milling energy of attritor ball
milling reaches 6 154.25 kJ/g after 5 h milling, which is
the sextuple of that of planetary ball milling after 30 h
milling. It demonstrates that the efficiency of attritor ball
milling is higher than that of planetary ball milling.
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