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Abstract. The structural and magnetic properties of Nd10Fe85B5 ribbons produced by melt-
spinning and subsequent annealing have been studied in this work. A mixture of Nd2Fe14B
and 13 vol.% of Fe was found in the ribbon melt-spun at 30 m s−1 and in samples
subsequently annealed.57Fe-Mössbauer spectroscopy was used for phase analysis and for study
of remanence enhancement. Remanence enhancement was found in ribbons after optimized
treatment, after which ribbons consisted of 20–30 nm grains of Nd2Fe14B and Fe phases. The
remanence enhancement effect was attributed to both the soft and hard phases. Demagnetization
processes have been studied. All samples exhibited single-phase behaviour, i.e. irreversible
demagnetization processes of the hard and soft phases were synchronous even for samples
consisting of sub-micron grains. No significant evidence of exchange-spring magnet behaviour
was found for samples after optimum treatment. The exchange-spring magnet behaviour was
observed in samples annealed at higher temperatures, at which the mean grain sizes were
significantly larger than the domain wall thickness of Fe. The magnetic properties of Nd10Fe85B5

ribbons in this work were associated with separation of soft Fe grains by Nd2Fe14B grains
because of a low fraction of Fe.

1. Introduction

Isotropic nanocrystalline magnetic materials with remanence enhancement are investigated
in many research groups in the world, because these materials are interesting for both
research and application [1–6]. The Nd2Fe14B/Fe nanocomposite is one of the most
interesting candidates for economical permanent magnets [3, 4, 7]. As is well known,
magnetic properties of nanocomposite materials are strongly dependent on microstructure
and volume fraction of soft phases. Remanence enhancement is understood to be due to
exchange coupling between magnetic spins in grain boundary areas of hard and soft magnetic
phases. Unique magnetic properties, such as single magnetic phase behaviour, exchange-
spring magnet behaviour and negative deviation of demagnetization remanence from the
Wohlfarth relation [1, 4, 8], have been reported for nanocomposite magnetic materials.

In this work, we have studied magnetic properties of the Nd2Fe14B/Fe nanocomposite
containing 13 vol.% of Fe in dependence on microstructure. The demagnetization processes
will be reported in this paper. Magnetic properties of nanocomposite Nd10Fe85B5 ribbons
will be compared with those of other nanocomposites containing different amounts of soft
phases. 57Fe-Mössbauer spectroscopy has been used for characterization of remanence
enhancement.

2. Experiment

The ingot of Nd10Fe85B5 was prepared by arc-melting. Rapid solidification was carried
out using a single copper wheel melt-spinner at a surface wheel speed of 30 m s−1 under
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pure argon atmosphere. As-spun ribbons were annealed at a temperature in the range of
300–1000◦C for 10 minutes under vacuum.

The as-spun ribbon and subsequently annealed ribbons were characterized using a Philips
PW1710 x-ray diffractometer with Cu Kα radiation. Microstructure was examined using a
JEOL JEM-100XII TEM transmission electron microscope. Ribbons were studied by57Fe-
Mössbauer spectroscopy. Magnetic measurements were taken using an Oxford vibrating
sample magnetometer (VSM) with a maximum applied field of 7162 kA m−1. The magnetic
field was applied parallel to the ribbon plane, to minimize the demagnetization field factor,
so that the demagnetization field was negligibly small and was not considered.

3. Results and discussion

3.1. Microstructure and magnetic properties

No amorphous phase was present in the as-spun state by x-ray diffraction study. All ribbons
(as-spun and subsequently annealed) consisted of a mixture of Nd2Fe14B andα-Fe according
to our x-ray diffraction measurements.

Figure 1. Mössbauer spectra of the as-spun sample in thermally demagnetized state (a) and in
remanence state (b).

57Fe-Mössbauer spectroscopy was used for phase analysis in this work. Figure 1 shows
Mössbauer spectra of the as-spun sample. The Mössbauer spectra could be well fitted
with the mixture of the two subspectra of Nd2Fe14B andα-Fe respectively. All M̈ossbauer
spectra of annealed samples were similar to that in figure 1(a) for the as-spun sample,
showing that all samples had nearly the same phase constituents (Nd2Fe14B andα-Fe). For
all samples, 16–17% of Fe atoms were found in theα-Fe phase. This result agrees well
with the calculated value of 17.6% of Fe atoms in theα-Fe phase for the composition of
Nd10Fe85B5 (Nd10Fe85B5 = 5Nd2Fe14B+ 15Fe).

From the composition of Nd10Fe85B5, the calculated constituent is 87 wt% of Nd2Fe14B
and 13 wt% of Fe. Since the both phases have similar values of density, the volume fraction
of Fe is 0.13, i.e. the sample consists of 13 vol.% of Fe and 87 vol.% of Nd2Fe14B. Taking
the saturation magnetization of 170 A m2 kg−1 for Nd2Fe14B and 215 A m2 kg−1 for Fe,
the expected saturation magnetization of the Nd10Fe85B5 ribbon is 176 A m2 kg−1.

Figure 2 shows TEM micrographs of the as-spun ribbon (a) and samples annealed at
850◦C (b) and 1000◦C (c) respectively. The as-spun ribbon and ribbons subsequently
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Figure 2. TEM micrographs of the as-spun sample (a) and ribbons subsequently annealed at
850◦C (b) and 1000◦C (c).
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annealed at 300, 600 and 700◦C had a similar microstructure as shown in figure 2(a).
There were two groups of grains under the transmission electron microscope, dark grains
and bright grains (figure 2(a)). From electron diffraction rings, the dark grains should be
Nd2Fe14B grains which had a mean grain size of 20 nm, while the bright grains are probably
α-Fe grains with a mean grain size of 30 nm.

The mean grain sizes of Nd2Fe14B and Fe increased to 90 and 110 nm respectively after
annealing at 850◦C, as shown in figure 2(b). After annealing at 1000◦C, α-Fe grains had a
mean grain size of 210 nm. Large Nd2Fe14B grains of up to 1000 nm were found, and the
mean grain size was estimated to be 500 nm. Similar results of grain growth in dependence
on annealing temperature have been reported previously [1, 2, 7].

Magnetic properties, such as remanence and coercivity, are plotted in figure 3 as
a function of annealing temperatureTa. The coercivity for the as-spun ribbon was
560 kA m−1. Coercivity remained unchanged after annealing at 300 and 600◦C, indicating
that the samples annealed at lower temperatures had a similar microstructure as that of
the as-spun sample. A slight decrease of coercivity was found for the sample annealed at
700◦C, from 560 to 500 kA m−1. Annealing at higher temperatures led to drastic decrease
of coercivity, 280 kA m−1 for the sample annealed at 850◦C and only 80 kA m−1 for the
sample annealed at 1000◦C. Coercivity is strongly dependent on grain size. Increase of grain
size normally leads to decrease of coercivity [1, 2, 7, 9]. The slight decrease of coercivity
after annealing at 700◦C indicated initiation of grain growth. Low values of coercivity for
samples annealed at 850 and 1000◦C respectively were due to presence of large grains (sub-
micron grains in the sample annealed at 1000◦C). Similar results of decrease of coercivity
due to grain growth have been reported previously [1, 2, 7, 9].

Figure 3. Coercivity Hc and remanenceMr as a function of annealing temperatureTa for
Nd10Fe85B5 ribbons.

RemanenceMr was 110 A m2 kg−1 for the as-spun sample. It increased slightly to
114 A m2 kg−1 after annealing at 600◦C. Taking the calculated saturation magnetizationMs

of 176 A m2 kg−1 for the composition of Nd10Fe85B5, the remanence ratio (Mr/Ms) was
0.65 forMr = 114 A m2 kg−1. Increase of grain size resulted in reduction of remanence
and remanence ratio, 92 A m2 kg−1 andMr/Ms = 0.52 for the sample annealed at 850◦C,
and 64 A m2 kg−1 and 0.36 for the sample annealed at 1000◦C. This result confirms that
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remanence enhancement (i.e. remanence exceeds half of saturation magnetization [1–6])
requires nanocrystalline structure. High remanence values can be obtained in nanocrystalline
isotropic materials with grain sizes which are comparable with twice the domain wall
thickness1 (21 = 10 nm for Nd2Fe14B [1, 4, 5]).

Recently, Dinget al [10] and Ryanet al [11] have reported that M̈ossbauer spectroscopy
can be used for study of remanence enhancement. As is well known, a six-line subspectrum
(sextet) should have the line area ratio of 1:2:3 for isotropic materials in the thermally
demagnetized state, where there is a random distribution of magnetic easy axes. In the
remanence state, magnetizations of individual grains are parallel to their easy axes, if there
is no remanence enhancement, i.e.Mr = 0.5Ms [10, 11]. The line area ratio of 1:2:3 is also
expected for isotropic materials in the remanence state. The Mössbauer spectrum of the
thermally demagnetized as-spun Nd10Fe85B5 sample is shown in figure 1(a). The line area
ratio was close to 1:2:3 as expected for isotropic materials. Figure 1(b) is the Mössbauer
spectrum of the Nd10Fe85B5 sample in the remanence state. The magnetic field was applied
parallel to the ribbon plane during the magnetization. The Mössbauer spectrum was taken
when theγ -ray was perpendicular to the ribbon plane. Under this configuration ofγ -ray
and magnetization orientation, the line area ratio is expected to be 1:4:3, if all magnetic
spins remain parallel to the applied magnetic field, i.e. perpendicular to theγ -ray [10, 11].

For the as-spun sample in the remanence state, the line area ratio was measured to
be 1:2.9:3 and 1:3.1:3 for the Nd2Fe14B phase andα-Fe respectively. The two line area
ratios for the two phases (Nd2Fe14B andα-Fe respectively) are between 1:2:3 for random
distribution and 1:4:3 for perfect alignment, indicating remanence enhancement. This result
shows that the remanence enhancement is attributed to both the hard and the soft phases,
as the two phases had similar line area ratios.

Kneller and Hawig [1] have interpreted the remanence enhancement as mainly
attributable to soft magnetic phases. Other theoretical works have shown that soft phases
have a major contribution to remanence enhancement in nanocomposite materials [5, 12].
However, remanence enhancement has been observed in single-phase materials consisting of
nanoscaled Nd2Fe14B grains [4, 13, 14]. A few theoretical calculations have also shown that
remanence enhancement can possibly be obtained in nanocrystalline single-phase materials
[5, 15]. Therefore, the hard magnet phase has a contribution to remanence enhancement.
In this work, both the hard and soft phases had a contribution to remanence enhancement
according to our M̈ossbauer study. It is noteworthy that the mean grain size of Fe was
30 nm, which was bigger than that of Nd2Fe14B (20 nm). Therefore, the soft phase (here
α-Fe) may have a bigger contribution to remanence enhancement.

3.2. Demagnetization processes

As is well known, hysteresis loops of conventional magnetic materials consisting of soft
and hard phases can show separated demagnetization processes of soft and hard phases
[1, 2, 10]. This corresponds to two peaks of magnetic susceptibility in the demagnetization
curves [1–4]. Nanocomposite magnets with remanence enhancement normally exhibit single-
magnetic-phase behaviour [1–4], i.e. the irreversible demagnetization processes of hard and
soft phases are synchronous. Increase of grain size in nanocomposite materials can result
in decrease of remanence and coercivity. In the meantime, soft and hard magnetic phases
are de-coupled, resulting in separation of demagnetization processes of hard and soft phases
in hysteresis loops. It has been reported that many nanocomposite materials consisting of a
mixture of soft and hard phases exhibit single-phase behaviour if grain sizes of hard and soft
phases are comparable with twice the domain wall thickness, and two peaks of magnetic
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susceptibility can be observed on the demagnetization curve after grain growth e.g., after
annealing at higher temperatures [1–4, 6–8].

In this work, magnetic hysteresis and magnetic susceptibility were studied on
Nd10Fe85B5 ribbons in the as-spun state and after subsequent annealing. The hysteresis
loop of the sample annealed at 600◦C (after optimized treatment) is shown in figure 4(a).
The hysteresis loop is typical for nanocomposite materials with remanence enhancement, i.e.
single-phase behaviour with relatively high values of remanence and coercivity. The as-spun
sample and ribbons annealed at lower temperatures (Ta 6 700◦C) had similar hysteresis
loops to that shown in figure 4(a). The sample annealed at 850◦C had much lower values
of coercivity and remanence because of grain growth. However, the hysteresis loop also
showed single-phase behaviour. The sample annealed at 1000◦C, at which grains were
increased to sub-micron, also exhibited single-phase behaviour. No significant separation
of demagnetization processes of hard and soft phases was evident in the demagnetization
curve of the sample annealed at 1000◦C (figure 4(b)).

Figure 4. Hysteresis loops of the two ribbons annealed at 600◦C (a) and 1000◦C (b)
respectively.

Figure 5 shows the plots of susceptibility curve on demagnetization for several
samples annealed at 600, 850 and 1000◦C respectively. The as-spun sample and ribbons
subsequently annealed at 300 and 600◦C respectively had shown their maximum of
susceptibility close to the values of coercivity. Only a relative sharp peak was found on the
demagnetization curve, showing single-magnetic-phase behaviour. The susceptibility curves
of the samples annealed at 850 and 1000◦C respectively still had a single peak, which was
close to the value of coercivity (figure 5). This behaviour confirms singe-phase behaviour for
our samples as discussed above, i.e. no significant separation of demagnetization processes
of Nd2Fe14B andα-Fe was evident.



A magnetic study of melt-spun Nd10Fe85B5 ribbons 9087

Figure 5. Total susceptibilityχtot versus magnetic fieldH curve on demagnetization for several
ribbons annealed at different temperatures for 10 min.

Another important feature of nanocomposite remanence enhanced magnets is exchange-
spring magnet behaviour [1, 4, 10, 11, 16]. In this work, exchange-spring magnet behaviour
was studied on Nd10Fe85B5 ribbons. Demagnetization curves and recoil curves for the two
samples annealed at 600 and 850◦C respectively are plotted in figure 6. Total, reversible
and irreversible susceptibilities of both samples are shown in figure 7 as a function of
magnetic field on their demagnetization curves. The recoil curves for the sample annealed
at 600◦C were typical for conventional single-Nd2Fe14B-phase magnets [1, 4, 14]. From
figure 7, it can be seen that total susceptibility is very close to irreversible susceptibility,
and the reversible susceptibility is very small. These indicate that the exchange-spring
magnet behaviour is not clearly evident for the sample annealed at 600◦C. For the sample
annealed at 850◦C, exchange-spring magnet behaviour is observed as shown by recoil curves
in figure 7(b). The total susceptibility at magnetic fields below coercivity was significantly
above the irreversible susceptibility, resulting in detectable reversible susceptibility. It
has been interpreted that reversible susceptibility at fields below coercivity is due to the
reversible magnetization process of soft grains [1]. The rotation of soft grains toward
the negative field occurs at magnetic fields which are below the coercivity of the sample.
These soft grains can flip back to the positive direction after removal of magnetic field due
to exchange coupling between grains of soft and hard phases [1, 4, 16].

The exchange-spring effect can be quantitatively described by susceptibility obtained
from recoil curves, that samples showing exchange-spring magnet behaviour have high
values of recoil susceptibility [4]. The Nd10Fe85B5 sample annealed at 600◦C had a low
value of recoil susceptibility. The reversible susceptibility measured on the recoil curves
taken at fields around coercivity was 5–6× 10−5 m3 kg−1. The sample annealed at 850◦C
had a much higher recoil susceptibility (10–11× 10−5 m3 kg−1). The recoil susceptibility
increased to 24× 10−5 m3 kg−1 for the sample annealed at 1000◦C. This result shows
clearly that the exchange-spring magnet behaviour became significant when the grain size
of α-Fe increased above the single-domain particle size of Fe.
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Figure 6. Demagnetization and recoil curves for ribbons annealed at 600◦C (a) and 850◦C (b)
respectively.

Panagiotopouloset al [4] have studied recoil curves of single Nd2Fe14B, Nd2Fe14B/Fe
and Nd2Fe14B/Fe3B. They have found that no significant exchange-spring magnet behaviour
is evident for single-Nd2Fe14B-phase magnet with remanence enhancement and the recoil
permeability is small. The recoil permeability was increased with increasing fraction
of soft phases, indicating that exchange-spring magnet behaviour is mainly found for
nanocomposite materials with a large amount of soft phases. We have also found similar
results for single Nd2Fe14B phase ribbons with remanence enhancement [14], that no
exchange-spring magnet behaviour was evident.

As discussed above, 13 vol.% of Fe were present in Nd10Fe85B5 ribbons. Fe grains
should be surrounded by hard magnetic Nd2Fe14B grains because of the relatively low
fraction of Fe. The as-spun sample and ribbons annealed at a temperature below 600◦C
consisted of a mixture of 20 nm Nd2Fe14B and 30 nmα-Fe grains. The size ofα-Fe though
is bigger than twice the domain wall thickness of Nd2Fe14B (10 nm), but still below the
domain wall thickness of theα-Fe phase (50 nm). Because of strong coupling between
isolated Fe grains and surrounding Nd2Fe14B grains, Fe grains did not flip to the negative
direction at low magnetic fields which were below coercivity. The flip of Fe grains was
synchronous with the flip of surrounding Nd2Fe14B also because of the strong exchange
coupling. Therefore, the sample behaved as a single magnetic phase (figures 4 and 5) and
no exchange-spring magnetic behaviour was evident (figures 6 and 7). The sample annealed
at 850◦C consisted of Nd2Fe14B grains of 90 nm and Fe grains of 110 nm. The grain size
of Fe is then bigger than the domain wall thickness forα-Fe. Magnetic spins in some Fe
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Figure 7. Total susceptibilityχtot , irreversible susceptibilityχirr and reversibleχrev for
Nd10Fe85B5 ribbons annealed at 600◦C (a), 850◦C (b) and 1000◦C (c) respectively.

grains rotated toward the negative magnetic field at lower magnetic fields. This is probably
the reason for the exchange-spring magnet behaviour observed in figure 6 and 7 for the
sample annealed at 850◦C.

As reported previously, Nd2Fe14B/Fe with compositions close to Nd8Fe88B4 or with
lower Nd concentrations and Nd2Fe14B/Fe3B [1, 4, 10, 18] show exchange-spring magnet
behaviour after optimized treatment, i.e. having a similar microstructure (grain sizes) of the
as-spun Nd10Fe85B5 ribbon in this work (figure 2(a)). In fact, Nd8Fe88B4 corresponds to a
phase constituent of 70 vol.% of Nd2Fe14B and 30 vol.% of Fe [5, 7, 9]. Nd2Fe14B/Fe3B
nanocomposites contain 60–70 vol.% of soft phases (Fe3B and Fe) [1, 10, 17].

For Nd8Fe88B4 consisting of 30 vol.% of Fe, Fe grains cannot be entirely separated
by Nd2Fe14B grains. Several Fe grains may be connected to form an Fe region. Such Fe
regions may be much bigger than the grain size of Fe (20–30 nm). Some of these regions
may have sizes which are close to or bigger than the domain wall thickness for Fe (50 nm).
The higher the fraction of Fe the larger the mean size of Fe regions. It is probable that
exchange-spring magnet behaviour requires the grain size or region size of soft phases of
the order of domain wall thickness. This can be confirmed by the fact that Nd2Fe14B/Fe3B
containing 60–70 vol.% of soft phases clearly shows exchange-spring magnet behaviour and
reversible permeability increases with increasing Fe fraction for Nd2Fe14B/Fe composites
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after optimum treatment. No significant exchange-spring magnet behaviour is observed in
Nd10Fe85B5 ribbons in this work, probably due to separation of soft Fe grains by hard
Nd2Fe14B grains, so that no large Fe regions could be formed in ribbons after optimized
treatment.

The above discussion and conclusion may be applicable to the discussion of the result
in figures 4 and 5. Clear separation of demagnetization processes has been observed in
Nd2Fe14B/Fe3B nanocomposites after annealing at higher temperatures [1, 10], e.g. two
steps of irreversible magnetization have been reported for Nd4.5B18.5Fe77 ribbon annealed at
800◦C [10]. The microstructure (grain sizes) of the Nd2Fe14B/Fe3B nanocomposite annealed
at 800◦C should not be significantly different to that of the Nd10Fe85B5 ribbon annealed
at 850◦C (figure 2(b)). The separation of demagnetization processes in Nd2Fe14B/Fe3B
(consisting 60–70 vol.% of soft phases) may result from formation of soft regions, which
can have a much larger size than the mean grain size of soft phases.

For Nd10Fe85B5 ribbons in this work, the flip of isolated Fe grains was always
accompanied by rotation of hard Nd2Fe14B grains, as no separation of demagnetization
processes was observed. This result shows that isolated Fe grains after flipping are nuclei
which can cause demagnetization of neighbouring Nd2Fe14B grains. The magnetic field
required for flip of isolated Fe grains can be considered as the nucleation field for rotation
of hard Nd2Fe14B grains. On the other hand, a large fraction of soft phases (e.g. 60–70 vol.%
for Fe2Nd14B/Fe3B) may cause formation of large regions of soft phases. The presence of
large soft regions may result in inhomogeneous microstructure. Large soft regions may
lead to de-coupling of soft and hard grains, and therefore to separation of demagnetization
processes of hard and soft phases.

It is also interesting to note that the appearance of two-magnetic-phase behaviour is
strongly dependent on intrinsic properties of the hard phase, especially on the domain
wall thickness [2, 9, 16, 19]. Miaoet al [9] have reported that the substitution of Nd
by Dy could result in separation of demagnetization processes in mechanically alloyed
(Nd,Dy)2Fe14B/Fe, where no significant change of microstructure was evident. Separation
of demagnetization processes have been observed in (Nd or Pr)2Fe14B/Fe nanocomposite,
if the magnetic measurements were carried out at low temperature [19]. The two cases
indicate that two-phase behaviour appears if the domain wall thickness of the hard phase is
reduced, e.g. by substitution with Dy or by measurements at low temperature. Separation of
demagnetization processes could be easily observed in Sm2Fe17N2.7/Fe nanocomposite even
at lower Fe fractions, if the grain size exceeded the domain wall thickness of Fe [2]. That is
probably because the Sm2Fe17N2.7 phase has a much higher anisotropy field and therefore a
smaller domain wall thickness than those for Nd2Fe14B. In fact, all nanocomposite magnetic
materials with remanence enhancement have a similar microstructure (the mean grain size
is 20–30 nm after optimum treatment [1, 2, 3, 7, 9]). It seems that hard magnetic phase
with higher anisotropy field (or smaller domain wall thickness) requires smaller grain for
optimum magnetic properties.

The Wohlfarth relationship [4, 8, 17] between remanent magnetizationMr(H) and
demagnetization remanenceMd(H) has been widely used for study of interaction between
magnetic particles and grains. The deviation of demagnetization remanenceMd(H) from
the demagnetization remanence calculated from the Wohlfarth model is expressed as below:

1Md = Md(H)− (1− 2Mr(H))

Mr,max

whereMr,max is the maximum remanent magnetization measured after saturation in the
positive direction.
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Figure 8. Deviation of demagnetization remanence1Md from the Wohlfarth relationship for
the ribbons annealed at 600, 850 and 1000◦C respectively.

Deviation 1Md from the Wohlfarth relation is plotted in figure 8 as a function of
demagnetization field for three samples annealed at 600, 850 and 1000◦C respectively. The
curve of the ribbon annealed at 600◦C is typical for nanocomposite materials with remanence
enhancement. The large positive deviation at fields below coercivity has been interpreted as
interaction between nanosized grains, and the negative deviation at fields above coercivity
is probably due to magnetostatic interaction between soft and hard phases [4]. For the
sample annealed at 850◦C, deviation (both positive and negative) was reduced, obviously
due to reduction of inter-grain interaction because of increase of grain size. Large negative
deviation was observed for the sample annealed at 1000◦C, indicating that the magneto-
static interaction was dominant because of large grain sizes for the Nd2Fe14B and α-Fe
phases in this sample.

4. Conclusion

An alloy of Nd10Fe85B5 was melt-spun at a wheel speed of 30 m s−1. The as-spun ribbon and
subsequently annealed samples consisted of a mixture of Nd2Fe14B andα-Fe. According
to our Mössbauer spectroscopy study, the phase constituents were close to those for the
starting composition of Nd10Fe85B5, which corresponds to 13 vol.% of Fe and 87 vol.% of
Nd2Fe14B.

As-spun ribbon and ribbons annealed at 300 and 600◦C had a similar microstructure,
consisting of Nd2Fe14B and Fe grains with mean grain sizes of 20 and 30 nm respectively.
Annealing at higher temperatures resulted in increase of grain size. The mean grain sizes
of Nd2Fe14B and Fe were increased to 500 and 210 nm respectively after annealing at
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1000◦C. Magnetic properties, such as remanence and coercivity, were strongly dependent
on microstructure. The sample annealed at 600◦C possessed a coercivity of 560 kA m−1

and remanence of 114 A m2 kg−1, which was corresponding to 65% of the saturation
magnetization. The ribbon annealed at 1000◦C had a low coercivity value of 80 kA m−1,
and the remanence was reduced to 64 A m2 kg−1.

The Nd2Fe14B/Fe nanocomposite in this work exhibited single-phase behaviour, i.e.
demagnetization processes of the soft and hard phases were synchronous. This was probably
due to the fact that Fe grains were separated by Nd2Fe14B grains because of the relatively
small fraction ofα-Fe.

The sample annealed at 600◦C did not exhibit exchange-spring magnet behaviour, and
the reversible susceptibility was very small. The sample annealed at 850◦C had larger grains
and showed exchange-spring magnet behaviour. Since exchange-spring magnet behaviour
was observed in Nd2Fe14B/Fe and Nd2Fe14B/Fe3B materials with larger fractions of soft
phases, exchange-spring magnet behaviour is tentatively due to the presence of either large
soft phase grains, which are comparable with the domain wall thickness of soft phase, or
the formation of large regions of soft grains due to high soft phase fraction. Therefore,
the exchange-spring magnet behaviour is probably the initialization of de-coupling of soft
and hard phases. Further increase of grain size or soft region size results in separation of
demagnetization processes of soft and hard phases. The exchange-spring magnet behaviour
disappears if no coupling of soft and hard phases is present.
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