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A comparative study was made of structure and magnetic properties of NBeggB,4 prepared by mechani-
cal alloying (MA) using elemental powders as starting materials and by mechanical milling (MM) of the
alloy. X-ray diffraction (XRD) and differential scanning calorimetry (DSC) combined with transmission
electron microscopic (TEM) studies revealed that both milling procedures resulted in a mixture of-Fe
and an amorphous phase. The thermal stability of the as-milled powders produced by MA was compara-
ble to that of the as-milled powders produced by MM. Heat treatment of the milled powders above the
crystallization temperature resulted in the formation of a nanocrystalline mixture of NgFe; B and a-Fe,
but annealed MA powders demonstrated a somewhat coarser structure in comparison with annealed
MM powders. Therefore, higher remanences and coercivities were obtained by MM.

Keywords mechanical alloying, mechanical milling, 12-17); Itis believed that the remanence enhancement is asso-
nanocrystalline materials, Nd-Fe-B alloys, permanpnt ~ ciated with exchange coupling between the magnetically hard
magnets and soft phases (Ref 17, 16). To enable the exchange coupling

to be effective, the grain sizes of the hard and soft phases should

. be approximately 10 nm.

1. Introduction A comparative study of the microstructure and magnetic

properties of MA and MM two-phase KB, alloys was
High energy ball milling was first used to produce oxide dis- made, and the results were reported.

persion strengthened superalloys and subsequently has been

widely used as a unique means of preparing alloy and com-

pounds (Ref 1-3). A distinction between mechanical alloying 2. Experimental Details

(MA) and mechanical milling (MM) is that elemental powders

are milled in MA, and the already alloyed materials are milled  The elemental powders used for MA were Nd (99.9%, <100

in MM. In the Nd-Fe-B system alloys, amorphous Nd-Fe-B im), Fe (99.9% average diameteurs), B (99.99%, < im),

materials have been produced by MM (Ref 4). The defects in-ingots for MM were prepared by arc melting 99.9% pure Nd,

troduced by the deformation during ml”lng are reSponSible for Fe, and B pieces under an argon atmosphere_ The ingots were
raising the free energy of the crystalline materials to that of thethen crushed into powders with particle diameters <0.5 mm. In
amorphous phase (Ref 5). Schultz et al. (Ref 6) showed that theyoth cases, a starting composition of;Rey 8, was used. The

MA of the mixture of pure crystalline components does not re- MA and MM were performed for milling time up to 24 h at a

sultin the formation of either crystalline or amorphous materi- Speed of 600 rpm by using a high_energy ball mill with a ball-

als; however, Harada et al. (Ref 7) showed that an amorphouso-powder weight ratio of 20 to 1. Heat treatment of the as-

phase was formed in the Nd-Fe-B system by MA. Recently it milled powders was conducted from 550 to 850 °C for 0.5 h

has been demonstrated that amorphization occurs even in somgnder pressures lower thamr3@a.

alloys that have a heat of mixing of the amorphous alloy thatis  The powders were characterized by XRD using cofper

higher than that of the mixture of the corresponding pure Crys-radiation at room temperature. Thermal properties of as-milled

talline components (Ref 8-10). In such cases, the stored energy qiowders were examined under an argon atmosphere using dif-

cold work accumulated during MA—which consisted of repeat- ferential scanning calorimetry (DSC) at a heating rate of 15

ing mechanical mixing, cold welding, fracturing, and rewelding /min. The morphology was investigated under a TEM. After

powders—might be the driving force for the amorphization. the powders were mixed with epoxy resin and cold pressed into
The magnetic properties of MA materials with lower Nd (11.8 cylinders, the magnetization of the powder was measured using
at.%) NdFeB alloys are inferior to those of their rapidly quenched a vibrating sample magnetometer (VSM) with a maximum ap-
counterparts (Ref 11, 6). In contrast, MM powders exhibit compa- plied field of 50 k Oe at room temperature. The saturation mag-
rable magnetic properties to rapidly quenched alloys (Ref 12).  netization was estimated by extrapolation.
Recently, nanocomposite permanent magnets showing re-
manence enhancement have created considerable interest (Ref
3. Results and Discussion
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o-Fe phase. The TEM selected area diffraction patterns re- A typical diffraction pattern of an annealed sample is also
vealed the presence of an amorphous phase in additieRéo shown in Fig. 1. The diffraction patterns of the MM and MA
According to the equilibrium phase diagram, thgfggdsB, al- powders were similar. Heat treatment at or above 823 K for 0.5
loy pertains to a two-phase region ¢¥d, B + a-Fe) (Ref h resulted in the crystallization of the magnetically hard
18). From the thermodynamic point of view, crystalline Nd,Fe B phase. The resulting structure consisted of a mixture
NdgFezdB,4 has a lower free energy than the elemental powder of Nd,Fe, /8 anda-Fe. The result suggests that the powders
mixtures and the amorphous phase. For MM, the defects introproduced by MA are of a similar nature as the powders obtained
duced by the deformation and large surface energy due to Mifrom MM. This also suggests that the temperature during MM

crometer grain size during milling is responsible for raising the and MA had been kept lower than the crystallization tempera-
free energy of the crystalline materials to that of the amorphousyre of the amorphous phase.

phase. For MA, amorphqu_s phase_: suggests thqt the high energy Figure 2 shows the DSC curves of as-milled MM and MA
accumu_latgd by ball mllllng during MA contrlbutgs to the powders. The DSC curve of the MA powder showed two exo-
amorphlzat'lon. The estlmated tempgra}ture rse during the MAthermic peaks at ~450 and ~570 °C. The low temperature peak
due to the impact of the milling media is estimated as <300 K - L .

I . . may be attributed to recrystallization and/or grain growth of the
(Ref 19), so that diffusion of the atoms.to f'orm the intermetallic a-Fe phase (Ref 20, 21), and the second exothermic peak at 845
Nd;Fe,,B compounds seems to be quite limited. K is due to a crystallization reaction in contracts to the MA
sample, the DSC curve for the MM sample showed only one
exothermic peak at approximately 860 K, higher than the peak
value of MA.

Figure 3 shows the dark-field TEM micrographs of MM

and MA samples annealed at 873 k for 0.5 h. Energy disperse
spectroscopy analysis with a probe size of 15 nm failed to

—
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Fig. 1 X-ray diffraction of N@FeggB4, (a) as-milled and
(b) annealed at 873 K for 0.5 h
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Fig. 2 Differential scanning calorimetry curves of (a) as- ) ] ]
milled MA and (b) as-milled MM powders taken at a heating Fig. 3 Dark-field TEM micrographs of (a) MA and (b) MM
rate of 0.33 K/s powders annealed at 873 K for 0.5 h
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distinguish between grains of 2:14:1 phase@rge. The MM The saturation magnetization (Ms) of the as-milling MM
sample consists of a homogeneous mixture of 2:14:1 phase angowder is 151 emu/g, while Ms of the MA powder is 164
a-Fe with an average grain size of approximately 20 to 30 nm,emu/g. The difference may be due to a higher fractianeé

the MA sample also shows a homogeneous mixture of the twoin the as-milled MA sample.

phases, but the grains are larger (approximately 30 to 50 nm)in  Figure 4 shows the hysteresis loops of MA and MM samples
diameter. The grain size of both the MA and MM powders in- annealed within the temperature range of 823 to 1023 K. They
creased with increasing annealing temperature. However, theboth exhibited single-phase magnetic behavior; that is, no two-
average grain size of MA powder was always larger than that ofphase steps could be observed on the demagnetization curves.
MM powders. The main differences between MA and MM samples were that
the remnant magnetizatiol, and coercivityH. for the MM
powders were larger values than that for the MA powders.

gx:
250 The effect of heat treatment temperature on the remanence,
140 M, and coercivityH . of MM and MA powders is shown in Fig.
5. Both the MA and MM powders showed maximum values of
308 M, at 873 to 923 K and then decreased with increasing tempera-
= En ture, but the value of MM powder was always higher than that
P; of MA powders in the whole annealed temperature range. The
maximum values oM, for MM and MA samples were 112
g ¢ r . .
® emu/g and 108 emu/g, respectively. Because of the increase of
=~ ~E{} the grain size, the value bf, decreased with the decreasing an-
E nealing temperature. In the MA samples, the valud4_ o-

creased slowly with increasing annealing temperature and
reached a maximum of 3.5 kOe at 1023 K. Higher valugl of

=150 were exhibited by the annealed MM samples, and a maximum
<0 L X . . . N . value of 4.2 k Oe was measured at the annealing temperature of
- - = =i £ sa an g 973 k.
40 30 -20 -19 ¢ 16 29 36 40 In two-phase composite permanent magnet materials, it is
H (k()e) supposed (Ref 16, 17, 22) that effective exchange coupling re-
quires a fine and uniform grain structure and grain size compa-
Fig. 4 Hysteresis loop of (a) MA and (b) MM powders an- rable with the exchange length of the soft phasg=
nealed at 873 K for 0.5 h [A(JHp)A Y2 (Ref 16), or less than twice the width of the do-

main wall of the hard phase= (A/K)1/2(Ref 22), which is for
Nd,Fe, B/a—Fe nanocomposite magnets of ~10 nm (Ref 22).

el ' ! " " " (Ais the exchange constadgjs the spontaneous magnetic po-
larization, anK is the anisotropy constant.) As noted, the aver-
1ot . age grain size of the MM material was smaller than that of the
\ MA material. Hence, it is to be expected that exchange cou-
o pling would be more effective in the annealed MM powders
w160t . which would account for the higher values of remanence and
§ coercivity.
k=1
= 90T 1 :
4. Conclusions
—o— KiIM
80 The structure and magnetic properties of MA and MM
5k —— MA . NdgFe;gB, were studied. Both MM and MA resulted in a mix-
o turea-Fe and an amorphous phase. After annealing at tempera-
@ tures above 823 K, both MA and MM samples showed very
?ﬁ 4k ___n/n—/"*‘*—-o . similar phase compositions. However, the average grain size of
e o /"———“\ annealed MA powders was larger than that of annealed MM
= . powders. As a consequence, both the remnant magnetization
iy - - and coercivity of annealed MM powders were superior to those
of annealed MA powders.
2 [ i ., i i
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