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Two different compositions of melt spun magnetic alloys, Nd,FeyB s and Nd.Fe Co;HfosGaasB, were characterized
in terms of magnetic properties and thermal behaviors. It was found that the addition of Hf and Ga effectively slow down
the crystallization rate of the nanocomposite Nd.Fe . B/Fe; B magnet. Coercivity(; H.) changes only slightly with varying
the post annealing conditions confirming that ; H, is not a sensitive magnetic quantity as a function of grain size and
exchange coupled interaction. The experimentally observed behaviors of M, and H. do not vary monotonously with in-
creasing grain size which is not in agreement with the numerically calculated result near the critical grain size(d.). The plot
of the grain size dependence for the remanence and coercivity in isotrop!c nanocomposite magnets has been revised in this
study. The maxium energy product, ( B. H),... = 1534 MGOe, and a reduced remanence, M,/ M= 0.84 were obtained,

respectively.

1. Introduction

After the discovery of Nd,Fe. B based rare earth magnetic
compound melt spinning ftechnique has led to an impact on
commercializing the research results into industrialization[l ~4].
Nowadays a wide variety of applications is possible due to the
technological flexibility in producing the NdFeB bonded mag-
nets with its quite affordable cost in producing the powders[3).
Although the recent rare earth permanent magnet can be obtained
very high coercivity the remanence of these materials are limited to
M,/2 level due to the random grains distribution. This limitation
was predicted long ago by Stoner and Wohlfarth[6].

Lately, the remanence in isotropic melt-spun NdFeB ma-
terials was reported to be enhanced by small addition of Si
and All4, 7]. Recently many reports are exposed to have
enhanced remanence larger than the Stoner-Wohlfarth limi-
tation, M;/2=0.5, in two-phased nanocomposite magnets
[8~10}. The first one dimensional model to explain the su-
perior magnetic behavior of the nanocomposite magnet was
reported by Kneller and Hawig[11] who predicted that the
highest coercivity can be achieved by exchange coupling

force when the size of soft magnetic phase is twice as big as
the domain wall width of the hard magnetic phase(~10 nm).
In this case the reduced remanence(M, /M) of the isopropic
materials could be much larger than 0.5. To begin with the
first report of Coehoorn et al. [10] a nanocomposite of Nd.
Fe..B/Fe; B containing 70 % volume of the soft Fe; B phase
and the reduced remanence of 0.8 with a coercivity of 4 kOe
was reported. More recently, Yang et al. [12] has indroduced
a magnelic treatment to enhance the reduced remanence
value up to 0.84 in the Nd.Fe,.B/Fe:B nanocomposite
materials containing Ga and Hf.

Magnetic characters of the nanocomposite magnets are
influenced sensitively by their microstructures such as the
volume ratio between hard and soft magnetic phases, the
grain sizes and their uniform distribution[12~13]. Since the
order of formation and growth rate of each phase, Nd.Fe.,
B, Fe:B and «-Fe, is different, it is the key technology to
get optium microstructure in the nanocomposite materials.
In this study the effect of heat treating condition and the ad-
dition of Ga and Hf on the thermal behavior of the Nd,Fe
B/Fe, B based nanocomposite is reported.
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2. Experiment

The ingots of Nd,FewBis and Nd,FesCos Hf,sGaws B
were prepared using metals in purity of Nd 99 %, FeB alloy
(B 13 wt.%), Ga 99.9 %, Hf 99.5 %, and Co 99.5 %, re-
spectively. These ingots were initially alloyed by arc melting
for several times to obtain homogeneous composition, and
then melt spun at a wheel speed of 26 m/sec. The thickness
of ribbons was about 35 um. The ribbons were identified to
be completely amorphous by XRD analysis. The magnetic
transformation and crystallization behaviors were detected by differ-
ential thermal analysis(DTA), and the magnetic thermal behavior
was examined using a thermomagnetic analyzer(TMA) in the tem-
perature range from 15 to 800 C. According to the DTA data, the
melt spun ribbons were annealed at 650~750 C for 2, 5, 10 and
15 minutes, respectively. The phase idendification was carried
out by XRD, and the magnetic properties were characterized
using a vibrating sample magnetometer applying an appropriate
demagnetization factor. Microstructure was identified by taking
high resolution transmission electron micrographs and the grain
size was checked using an image analyzer.

3. Results and Discussion

A. Thermomagnetic Behaviors

By the differential thermal analysis scans both the samples of
Nd.FewBis and Nd.Fe+Co;HfysGaesBis were found to trans-
form in two steps directly from amorphous to the final phases Nd,
FeuB + Fe; B + (a-Fe). However, the difference in crystallization
temperature of the two samples is obvious in Fig. 1. Both the Hf
and Ga are influential on the phase transformation temperature of
nanocomposite alloy based of Nd,Fe,,B/Fe,B. For the curve of
Nd,Few B¢ alloy two crystallization temperatures are observed at
582 and 618.2 C, and those of Nd,Fe;Co;Hf,sGasBs
are 588.5 and 642.8 C. By the addition of Ga and Hf the
both crystallization temperatures move up to a higher one
and the interval between the first and second crystallization
becomes wider from 36.2 to 54.3 C. To identify the first and
second transformation, the Nd,Fe;Co,HfssGaosBis sam-
ples were annealed for 5 minutes at 590 and 645 C, respecti-
vely, and then the phase was examined by XRD. The samples an-
nealed at 590 C still showed only the presence of a-Fe. However,
those annealed at 645 C exhibited the presences of Nd,Fe. B and
Fe;B in addition to a-Fe. Therefore the first and second ex-
othermal peak in Fig 1 are the transformations from amorphous
material to a-Fe and Nd,Fe,B/Fe,B, respectively. However, it
was difficult to distinguish the chronicle order of formation between
Nd:Fe,B and Fe;B. Although the composition is not the same,
Kneller et al. {11] confirmed that the amorphous NdssFen; Vi Siyg
By and NdisFern:Bs ribbons exhibited the transformations
in the order of FeyBs, Fe;B Nd,Fe B and finally a-Fe.
In this study and the previous reports[12, 13] no formation
of Fe,; B, was observed, rather the formation of Fe;B was
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Fig. 1. DTA scan patterns of as-spun (A) Nd.FeyB,, and (B)
Nd, Fey Co:HfysGaosBis ribbons performed at a scan rate of 10
C/min.
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Fig. 2. The thermomagetization behaviors for the as-spun
ribbons of (A) Nd;FeuBy, and (B) Nd,Fes,CoyHfssGaosBis,
respectively.

prominent after annealing.

The similar behaviors were characterized by thermomagnetic
analysis (TMA) in Fig. 2. during heating the amorphous alloy and
cooling the same sample. 2 M/M means the arbitrary unit which
is normalized with respect to the initial magnetic force applying to
the balance. During heating the both alloys in Fig. 2(A) and (B),
the first change of magnetization can be seen to take place near 340
C corresponding to the Curie tempertaure of Nd,Fe, B phase
formed from amorphous matrix. Upon heating further to about
600 C a rise in magnetization takes place which is due to the for-
mation of Fe;B and probably the further formation of a-Fe. This
explanation can be rationalized by cooling the same alloys reversely.
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During cooling magnetization rises near 580~600 °C were obvi-
ously demonstrated which are corresponding to the Curie tem-
perature of tetragonal Fe:B phase(8].

B. Magnetic Behaviors
The typical demagnetization curves are shown in Fig. 3(a), (b)
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Fig. 3. Demagnetization curves of the as-spun Nd,FesCosHfys

Gaos B ribbons annealed at (a) 650 ¢, (b) 680 C and (c) 700 C
for 2(A), 5(B), 10(C) and 15(D) minutes, respectively.
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and (c). Each sample was annealed for 2(A), 5(B), 10(C) and
15(D) minutes at 650, 680, 700 and 750 C, respectively. A con-
striction along the magnetization curve at H=0 was observed
for the sample annealed at 700 ¢/(10, 15) min, 720 /5, 10,
15) min and 750 C/(2, 5, 10, 15) min as reported by Yang et al.
[12, 13]. The other samples annealed at a lower temperature do
not show the same behaviors as shown in Fig. 3. It has been
analysed that the grain size is fine enough to have a strong
exchange coupling due to the low temperature annealing just
around the transformation temperature of the hard magnetic
phase. Only the samples annealed at 650 C for 2 minutes
showed a constriction at H=0 which seems to be due to the
presence of remanent amorphous phase. It is also found that
the annealing treatment below the second transformation tem-
perature shown in Fig. 1, which are 680 and 650 C for the
sample Nd, Fess:Cos HfsGaosBies and NdFewB., respectiviey,
has a great effect on enhancing the remanence, rather less effect on
the coercivity. The annealing above the second transformation tem-
perature turned out to have no influence.

Fig. 4(A) and (B) summarize the magnetic properties of the
alloys Nd.FexCo;HfysGaosBi and Nd,FeyBis, respectively, as
a function of annealing temperature and time. In general,
both the saturation and remanent magnetization for Nd,Fey
B¢ alloys show higher values than those of Nd,FesCo;HfsGays
B alloys annealed under an identical condition. The insets a, b, ¢
and a’, b, ¢/, respectively, denole the detailed remanence values
varying as a function of annealing time at a given temperature for
the alloys Nd.FexCo:HfsGaosBi« and Nd,FeywB . Although
the variations in M, and M, do not show a commom trends for
both the alloys, the highest values in both M; and M, are ob-
tained from the samples annealed for 2 min or 5 min at a lower
tempertaure (680~700 C) annealing. Particuarly the maximum M
values for the alloys are obtained at 680 C and 700 C annealing,
respectively. The highest M, value which is obtained from (680 C
/2 min) annealing for Nd.,FeCo:HfysGaosB, is 120 kG, while
the highest M, of Nd.FewB,, obtained from (700 /2 min)
annealing is 12.5 kG. Taking into account the variations of M,
shown in the insets a, b, ¢, a’, b" and ¢’ in Fig. 4(A) and (B), the
simulated variation of remanence values proposed by Schrefl et al.
[14] can be revised such that the remanence does not decrease
monotonously rather it decreases rapidly to a certain lower value
and then shows a plateau without a prominent change until an
optimized grain size is obtained. The insets b” and ¢ in Fig. 4. also
show that M, then tends to decrease again monotonously which is
seen n Fig. 5, too. It must be noticed that a prolonged annealing
over 10 minutes is not desirable for the both alloys.

Fig. 5 shows the grain size effect on the magnetic properties of
nanocrystalline Nd,Fe.B/ a-Fe magnets by Schrefl et al. [14]
comparing numerically calculated data and Nd,Fe. B/Fe:B mag-
net used in this study. The remanence(open circle) decreases while
the coercivity(solid circle) increases monotonously with increasing
the grain size as can be seen in Fig. 5. The variations in both rem-
anence and coercivity below a cntical grain size, d.=22 nm, are
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Fig. 4. The variation of magnetic properties for the two series of samples (A) Nd.Fe Co:Hf,:GaosBis and
(B) NdFew B, annealed at different temperatures and times. The symbols in the insets denote
the annealing time:~ 2 min, O 5 min, 2 10 min, and @ 15 min, respectively.

more prominent. It can be inferred from the hysteresis curves that
the grain size annealed below the second transformation
temperature in Fig. 1 is finer than d., while that of samples
annecaled above the second transformation temperature is
coarser than d.. Since the second transformation tempera-
ture of the alloy Nd,Fes;Co;sHf,sGaosB¢ is higher than
that of Nd,FewB, it is also regarded that Hf and Ga can slow
down the grain growth. Above d., however, the coercivities are
not markedly dependent upon the annealing condition, while the
remanence is still sensitive to it. Due to the role of Hf and
Ga on slowing down the grain growth, annealing the alloy
Nd. FexCo;Gaos Hf s Bis at 650 C for 2 minutes resulted in
incomplete crystallization having residual amorphous ma-
terial while the alloy Nd. Few Bs showed a complete crystallization.
The Nd.Fe»;Co;HfosGagsBis alloy showed a constriction along
the demagnetization curve at H=0, and accordingly a lower M,

as well as shown in Fig. 3(a).

Unlike the M, and M, behaviors, the addition of Hf and Ga
allows the alloy to have a highest coercivity 3.4 kOe by a prolonged
annealing at 720 °C for 10 minutes. However, due to the lower M,
at the same annealing condition the highest (B. H)pa=152
MGOe are obtained from the sample annealed at 680 C for 2
minutes for the Nd.FexCo:HfosGaosBis alloy, while the
highest (B. H) . =14.5 MGOe are obtained from (700 /2
min) annealing for the Nd,FewB, alloy where the maximum
coercivity is exhibited. Consequently the variation of coercivity
values s not monotonous as was simulated by Schrefl et al.
[14]. For many compositions of nanocomposite alloys coercivity
starts to increase with increasing the grain size, which is of
course as a function of annealing time, and then exhibits a peak
value al an optimized grain size. Thereafter, the coercivity
values tend to decrease slightly with prolonged time of annealing
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Fig. 5. The revised comparison of magnetization and coercivity
variations as a function of grain size for the nanocomposite
magnets of the present study and Schrefl’s simulation.

This behavior is clearly seen in the insets d, ¢, f, d’, ¢"and f” shown
in Fig. 4(A) and (B). It is interesting, however, that the coercivity
starts to show a peak value where remanence value starts to de-
crease slowly from a plateau stagnated change. In short, there is
some discrepancy between the experimental results and the
simulated behavior in the variations of remanence and coercivty as
well. Therefore the revised variation curves are proposed in
tins study as shown in Fig. 5. In Fig. 5 the solid lines denote
the variations of H. and M, of the present alloy which is
nanocomposite of Nd.Fe ., B/Fe;B, while the dotted lines of
circles are for the nanocomposite of Nd.Fe. B/(a-Fe). Fig.
6 is a high resolution TEM micrograph showing the nanocrystalline
Nd;Fe B grans embedded by soft magnetic Fe:B and a-Fe
grains,

Fig. 6. High resolution TEM micrograph showing the nanocomposite
structure Of Nd4 Fe",(,COfons GaosBm magnels Of about lhe Cﬂtl(}ll
grain size, 22 nm.
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As was noted in references [12, 13], a reduced remanences value
more than 0.84 again is obtainable in these Nd. FexHfsGaosBie
alloys by an appropriate annealing treatment.

4. Conclusion

The additions of Hf and Ga were found to slow down the
crystallization rate in nanocomposite Nd,Fe,,B/Fe;B base alloys.
The variation of M, and M, values are sensitively change with in-
creasing the grain size, i.¢, as a function of annealing time or tem-
perature, while coercivity values show rather a less sensitive change
as a function of grain size. However, both the M, and H. exhibit
a plateau and a peak value, respectively, along the variation curves
eventhough the temperature where the peak takes place are
not identical. The highest M,/M,;=0.84 were obtained for the
Nd, FexCo:Hf,sGaosB s annealed at 680 C for 2 minutes
and for the Nd,FewxB, annealed at 700 for 2 minutes, respect-
ively. These conditions allow those alloys to exhibit the ( B. H)uux
=153 MGOe and 14.6 MGOe, respectively.
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