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In order to investigate the crystallization process of anα-Fe/Nd2Fe14B type nanocomposite magnet alloy, Mössbauer study has been
carried out on Nd8Fe80Co4Nb1.5B6.5 alloy ribbons prepared by melt spinning and post-heat-treatment at 600, 650, 700 and 760◦C. The relative
mass fractions of theα-Fe, Fe3B, Nd2Fe14B and the intergranular phases, in crystallization process, were estimated from Mössbauer line-
intensities. As-quenched alloys are practically amorphous states and start to crystallize at 600◦C, but the crystallized grains are still so fine as
to be observed with X-ray diffraction method and the Mössbauer spectroscopy. Around 650◦C, α-Fe, Nd2Fe14B and metastable Fe3B phases
are formed definitely and the amorphous phase decreases drastically but still remains as the intergranular phase. With increasing temperature,
metastable Fe3B phase converts intoα-Fe, Nd2Fe14B, and a part of the intergranular phases also crystallize to formα-Fe and Nd2Fe14B. At
760◦C being the optimum heat-treating temperature to obtain the alloy with the best magnetic properties, about 10 mass% of the intergranular
phases is considered to remain between the grains ofα-Fe and Nd2Fe14B.
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1. Introduction

A so-called nanocomposite magnet alloy is composed of
soft and hard magnetic grains on a nanometer scale. This al-
loy has a high remanence as well as a comparatively high co-
ercivity due to the magnetic exchange coupling between the
soft and hard magnetic grains. Therefore, the nanocompos-
ite magnet alloy has been widely noticed as a hard magnetic
material of the next generation.1–10)

Inoueet al.11–15) reported that, in theα-Fe/Nd2Fe14B type
nanocomposite alloy, excess Nd atoms concentrated in the in-
tergranular region cause the amorphous intergranular phase
remaining even after heat-treatment, and result in inhibiting
the grain growth and consequently improve magnetic proper-
ties. Our previous studies have shown that a small amount
of Nb atoms added in the alloy plays the similar role as
well.16–20) In these cases, the magnetic exchange coupling
between the soft and hard phases should interacts through
the intergranular ferromagnetic phase, which is supposed to
be amorphous from the observation with X-ray and electron
diffraction methods.

It is suggested by the micromagnetics theory that the mag-
netic exchange coupling through the intergranular phase plays
a significant role in determining the magnetic properties.21,22)

The intergranular phase, however, have hardly investigated so
far in comparison with the soft and hard magnetic phases, be-
cause the intergranular phase is too thin to be analyzed by a
method such as X-ray diffraction,i.e., thinner than 5 nm.19,20)

The three-dimensional atom probe (3DAP) analysis revealed
that the Nb and excess B atoms are concentrated in the inter-
granular phase.19,20) Moreover, it is suggested by the 3DAP
results that the distribution of atoms is not uniform in the in-
tergranular phase. The M̈ossbauer analysis is most suitable
for investigating the physical behavior of such a very thin
layer as the intergranular phase in the present case, because it

gives information on the nearest neighbor atoms of the prove
element such as57Fe.

The formation of the intergranular phase in the nanocom-
posite magnets should be crucially influenced by the quench-
ing and heat-treating processes. The formation process of the
alloys with the compositions of Nd7Fe88B5 and Nd7Fe90B3

was reported by Inoueet al. As the heat-treating temperature
is increased,α-Fe is crystallized at first, Fe3B follows and,
at higher temperature, Fe3B is finally decomposed to convert
Nd2Fe14B.12)

The present authors, Yamasaki and Hamano, obtained im-
proved magnetic properties ofα-Fe/Nd2Fe14B nanocompos-
ite magnets by suitable heat treatment of the alloys contain-
ing a small amount of Nb and an excess of B which is par-
tially crystallized just after the quenching.16–18) In the previ-
ous studies, however, they took no account of the metastable
Fe3B phase in the crystallization process.

The purpose of this study is to investigate the details of the
crystallization process. In order to follow the process, several
heat-treated specimens were prepared, by changing the heat-
treating temperature, from as-quenched alloys showing nearly
amorphous state and were investigated with the Mössbauer
spectroscopy.

2. Experimental

The melt-spun alloys with the composition
Nd8Fe80Co4Nb1.5B6.5 were prepared by the single roller melt-
spinning process at a roll surface-velocity of 15 m/s in an Ar
atmosphere. The crystallization process of the melt-spun rib-
bons, which were as quenched and heat-treated at 600, 650,
700 and 760◦C, was followed by M̈ossbauer spectroscopy.
The heat-treatment was done as follow. The ribbons were
packed into quartz tube in vacuum at first, then they inserted
into the heated furnace for 180 seconds and finally they were
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taken out into water. The crystallization state of the ribbon
was confirmed by X-ray diffraction (Fe-Kα). The magnetic
measurements were carried out by using a vibrating sample
magnetometer (VSM). The specimens for Mössbauer spec-
troscopy were prepared by milling the ribbon and sieving un-
der 90µm. The Mössbauer measurements were carried out in
the conventional transmission mode at room temperature with
a 57Co source of about 740 MBq.

3. Results and Discussions

3.1 X-ray diffraction spectra
The X-ray diffraction patterns of the ribbon alloys heat-

treated at various temperatures are shown in Fig. 1. The pat-
tern of the ribbon heat-treated at 500◦C is quite similar to
that of the as-quenched ribbon, and both patterns have broad
banks probably due to the phase structure being at an almost
amorphous state. The diffraction peaks around 54◦ and 57◦
due toα-Fe, Fe3B or Nd2Fe14B start to appear from 600◦C.
It is, however, difficult to say which phase in the ribbon is
responsible to the peaks because they are weak and broad re-
flecting fine size of the grains.

The intensity of the diffraction peak around 54◦ due
to Fe3B increases significantly at 650◦C and another new
diffraction peak due to Fe3B appears around 61◦. The peaks
around 57◦ and at 40–50◦ due to Nd2Fe14B also grow up.
From the above results, it can be said thatα-Fe, Fe3B and
Nd2Fe14B start to be crystallized collectively at 650◦C.

The diffraction peaks due to Nd2Fe14B grow up signifi-
cantly at 700◦C and another peak at 61–62◦ appears beside
that of Fe3B. The peak due toα-Fe also grows up. In contrast,

Fig. 1 The X-ray diffraction patterns of Nd8Fe80Co4Nb1.5B6.5 melt-spun
ribbon alloys heat-treated at various temperatures.

the diffraction peaks due to Fe3B reduce slightly at 700◦C,
and these peaks continue to reduce at higher temperatures,
and then eventually disappear at 760◦C.

The analysis of M̈ossbauer spectra was carried out based
on these experimental results.

3.2 Mössbauer analysis
3.2.1 Amorphous phase (as-quenched and heat-treated

at 600◦C)
As shown in Fig. 2, the M̈ossbauer spectra of two speci-

mens, as-quenched and heat-treated at 600◦C, are quite sim-
ilar to those of typical amorphous alloys as expected from
the X-ray diffraction patterns. There is almost no long-range
magnetic order in alloys, and the magnetic hyperfine field
may distribute broadly.

The Mössbauer spectrum of the as-quenched alloy was first
analyzed by supposing one component with a hyperfine-field
distribution. The calculated spectrum, however, did not fit
well to the observed one. In order to reproduce a satisfactory

Fig. 2 The M̈ossbauer spectra of Nd8Fe80Co4Nb1.5B6.5 melt-spun ribbon
alloys heat-treated at various temperatures.
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Fig. 3 The hyperfine-field distributions obtained from the spectra of the
alloys as-quenched and heat-treated at 600◦C.

spectrum, at least two distributions have to be supposed; one
has a positive isomershift and the other has a negative one.

In the case of the alloy heat-treated at 600◦C, several sex-
tets corresponding toα-Fe, Nd2Fe14B or Fe3B were supposed,
at first, besides two components with hyperfine-field distribu-
tion for the analysis of the spectrum, but no reasonable re-
sult was obtained. The crystal grains at this temperature are
too fine to form M̈ossbauer lines characteristic of the above-
mentioned phases in the spectrum. The spectrum at 600◦C
was analyzed, therefore, by supposing one sextet in addition
to two components with field distribution.

The hyperfine-field distributions obtained from the spectra
of the alloys as-quenched and heat-treated at 600◦C are shown
in Fig. 3. The isomershifts of the components with the left
and right distributions in the figure are positive and negative,
respectively. The hyperfine-field distributes broadly around
approximately 25 T, which is smaller than the hyperfine field
of α-Fe, i.e., 33 T, but not so small as to be paramagnetic.
This suggests there is local short-range magnetic order in the
alloys. The distributions of the two alloys in Fig. 3 are similar
well with each other, which supports the above assumptions
for the analysis of the spectra.

Considering the X-ray diffraction peaks, the sextet in the
spectrum at 600◦C is probably due to Nd2Fe14B or α-Fe.
3.2.2 The crystallization (heat-treated at 650, 700,

760◦C).
In the analysis of the M̈ossbauer spectra of the alloys heat-

treated at 650, 700 and 760◦C, the contribution ofα-Fe,
Nd2Fe14B and Fe3B to the spectra was taken into account with
the following assumptions. The relative-intensity ratios of the
sextets were assumed to be 3:2:1:1:2:3, that is, a random ori-
entation of nanocrystalline grains was assumed. The widths
of all sextets were assumed the same. The isomer-shift (δ)
and quadrupole-splitting (∆) of α-Fe were fixed to zero mm/s

Fig. 4 Mössbauer spectrum and analyzed results for Nd8Fe80Co4Nb1.5B6.5
melt-spun ribbon alloys heat-treated at 650◦C. Above the spectrum (a), the
line positions of the sextets due toα-Fe, Nd2Fe14B and t-Fe3B are given in
the diagrams, the component with hyperfine-field distribution correspond-
ing to the phase other thanα-Fe, Nd2Fe14B and t-Fe3B is represented by a
broken line in the spectrum, the field distribution of which is shown in (b).

referring toα-Fe metal at room temperature. The intensity
ratios of the components corresponding to the Fe sites 16k2,
16k1, 8j2, 8j1, 4c and 4e in the Nd2Fe14B phase were fixed to
16:16:8:8:4:4 according to the ratio of Fe occupancy.

There are three Fe sites in Fe3B phase25) and, in this study,
the ratios of line-intensity of the Fe sites in the Fe3B phase
were assumed as 1:1:1 in proportion to the number of Fe sites.
It was reported that the intensity ratio of Fe3B in bulk is differ-
ent from 1:1:1,25) but the situation in the present study is quite
different from that of the bulk case: the crystal growth is in-
sufficient and/or the grains are fine. In the present study, we
can, therefore, find no definite reason to shift the ratio from
1:1:1.

The observed M̈ossbauer spectra can be simulated by as-
suming a magnetic component with a hyperfine-field distri-
bution besides the sextet components ofα-Fe, Nd2Fe14B and
Fe3B, an example of which is shown in Fig. 4. As can be
seen from the figure, several definite peaks are noticed in
the distribution, which suggests that the phase reflecting to
this distribution is not typical amorphous. As considered in
our previous study,24) the component with this distribution
may represent the several layers on the surface of grains of
α-Fe, Nd2Fe14B and Fe3B. For convenience, three compo-



2888 M. Yamasaki, M. Hamano and T. Kobayashi

Table 1 Obtained M̈ossbauer parameters of Nd8Fe80Co4Nb1.5B6.5 melt-spun ribbon alloys heat-treated at various temperatures.δ and
∆ refer toα-Fe metal at room temperature.

Alloy Phase Site δ (mm/s) ∆ (mm/s) Hyperfine field (T) Relative intensity (%)

As-Q

{
S3 1

S3 2

0.14

−0.16

0.06

0.03

45.5

54.5

600◦C

{ some crystal

S3 1

S3 2

0.19

0.11

−0.21

0.06

0.07

−0.07

26.8 14.2

41.6

44.2

650◦C




α-Fe

Nd2Fe14B

S1

S2

S3

Fe3B

16k2

16k1

8j2
8j1
4c

4e

0.00

−0.29

0.01

0.11

0.01

−0.03

−0.11

0.00

0.03

0.07

0.19

−0.08

−0.07

0.00

−0.10

0.34

0.81

0.42

−0.39

0.21

0.29

−0.15

−0.15

0.03

−0.09

−0.16

33.3

28.7

27.8

31.9

23.4

21.5

24.6

20.0

13.2

29.0

28.6

24.1



5.9

3.4

1.0}

}

9.8

49.8

10.3

30.0

700◦C




α-Fe

Nd2Fe14B

S1

S2

S3

Fe3B

16k2

16k1

8j2
8j1
4c

4e

0.00

−0.17

−0.05

0.07

0.06

−0.32

−0.21

0.03

0.19

0.50

0.17

0.03

0.07

0.00

−0.12

0.42

0.65

0.50

−1.14

0.02

0.67

−0.23

−0.26

0.01

0.21

0.14

33.5

27.9

28.5

33.0

26.4

25.8

25.0

22.2

14.4

27.4

23.6

20.7



1.0

3.3

1.3}

}

17.6

58.4

5.6

18.3

760◦C




α-Fe

Nd2Fe14B

S1

S2

S3

16k2

16k1

8j2
8j1
4c

4e

0.00

−0.11

−0.04

0.04

−0.01

−0.17

−0.10

0.17

0.08

0.11

0.00

−0.05

0.45

0.61

0.30

−0.89

0.00

0.41

−0.04

0.33

33.7

28.9

28.6

33.6

25.2

24.4

25.3

21.6

114.7



5.7

4.0

1.7

}

25.2

63.4

11.4

nents, S1, S2 and S3, were assumed to be representative in
the field ranges of 17–26 T, 9–17 T and below 9 T, respec-
tively, as shown in Fig. 4(b). The last component S3 was
assumed to represent a practically amorphous phase. The
Mössbauer spectra were, then, decomposed into Lorentzian
sextets ofα-Fe, Nd2Fe14B, Fe3B, S1, S2 and a component
with a hyperfine-field distribution S3. The obtained parame-
ters were listed in Table 1 and show a good agreement with
those described in other studies.25)

From the relative intensities of components in the
Mössbauer spectra shown in Table 1, the relative mass frac-
tions (mass%) ofα-Fe, Nd2Fe14B1, Fe3B and S= (S1+S2+
S3) in the alloys are estimated. Here, all of the phases S1, S2
and S3 are brought together to the item of amorphous phase
that composed only of Fe, Nb and excess B atoms. The mass

fractions estimated in this way are shown in Fig. 5.
As seen in Fig. 5, only about 15% of atoms in the al-

loy heat-treated at 600◦C starts to crystallize, but the grains
grow insufficiently and we cannot say in which phase ofα-
Fe, Nd2Fe14B and Fe3B the grains are. The other part of
the alloy is amorphous or nearly amorphous. At 650◦C, this
amorphous phase decreases drastically down to about 10%
and the grains with the above three phasesα-Fe, Nd2Fe14B
and Fe3B are formed definitely. The relative mass fraction of
the metastable Fe3B is greatest at 650◦C, decreases at higher
temperature and disappears practically at 760◦C. The frac-
tions ofα-Fe and Nd2Fe14B increase at higher temperature at
the cost of Fe3B and amorphous S phases. In these processes,
a lot of B is released in the alloy and promotes the formation
of the S phase, which may be the reason why the S phase
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Fig. 5 The mass fractions estimated from the hyperfine-field distribution
of Nd8Fe80Co4Nb1.5B6.5 melt-spun ribbon alloys heat-treated at various
temperatures.

increases again at 760◦C.

4. Conclusion

On melt spun alloy ofα-Fe/Nd2Fe14B type Nd8Fe80Co4-
Nb1.5B6.5 nanocomposite magnet, the relative mass fractions
of the α-Fe, Fe3B, Nd2Fe14B and intergranular phases, in
crystallization process, were estimated with the Mössbauer
spectroscopy.

A practically amorphous alloy as quenched starts to crys-
tallize at 600◦C in the heat-treating process, but the crystal-
lized grains are too fine to be observed with the X-ray diffrac-
tion method and M̈ossbauer spectroscopy. Around 650◦C α-
Fe, Nd2Fe14B and metastable Fe3B phase are formed def-
initely, and the amorphous phase decreases drastically but
still remains as S1–S3 phases. With increasing temperature,
metastable Fe3B phase convert intoα-Fe, Nd2Fe14B and a
part of the S1–S3 phases crystallizes also to formα-Fe and
Nd2Fe14B. At 760◦C being the optimum heat-treating tem-
perature to obtain the alloy with the best magnetic properties,
about 10 mass% of S1–S3 remains as the intergranular phase
between the grains ofα-Fe and Nd2Fe14B.
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