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The  structure,  microstructure  and  magnetic  properties  of  Nd2Fe14B/�-Fe  nanocomposite  obtained  after
8 h  of  high  energy  milling  and  different  heat  treatments  are  investigated.  Two  types  of annealing  have
been  performed:  a conventional  heat  treatment  at 550 ◦C for 1.5  h  is  used  for comparison  with  rapid
annealing  for  maximum  3 min  at 700,  750  or  800 ◦C.  It is found  that  these  rapid  annealing  are  much  more
efficient  to  promote  the  recrystallisation  of  the  hard  phase  with  a  limited  grain  growth  of  the soft  magnetic
phase  thus  leading  to  better  magnetic  properties.  Indeed,  the  best  coercive  field  of  0.55  T  was  obtained  for

◦

agnetic nanocomposite
echanical milling
ysteresis
hort time annealing
xchange coupling

samples  annealed  at  700,  750  and  800 C for  2.5,  1.5  and  1  min  respectively.  This  behaviour  is  explained
by  both,  a  good  recovery  of  crystallinity  for  the  hard  phase  and  relatively  small  size Fe nanocrystallites.
The  different  heat  treatments  do not  result  in  significant  changes  for  remanent  magnetization,  which  is
between  93  and  107  A m2/kg.  X-ray  diffraction  patterns  were  used  to  follow  the  evolution  of  the  structure
and  the  microstructure.  The  magnetic  behaviour  was  checked  from  hysteresis  curves  and  dM/dH  vs.  H
plots.
. Introduction

Nanocrystalline ferromagnetic materials exhibit magnetic prop-
rties which are interesting from a point of view of fundamental
esearch in magnetism as well as for applications [1–5]. Nanocom-
osite exchange coupled magnets, spring-magnets, consisting of

 fine mixture of hard (high coercivity) and soft (high magne-
ization) magnetic phases have attracted attention for potential
ermanent magnet development [6–9]. Additionally to the pre-
icted high energy product of 1090 kJ/m3 [10], the presence of Fe or
e based phases in exchange spring magnets is promising for bet-
er thermal stabilities, higher corrosion resistance and lower prices.
he exchange-spring behaviour can be understood on the basis of
he intrinsic parameters of the hard and soft magnetic phases which
re coupled by exchange interactions [11,13]. However, the role
f the microstructure in the spring mechanism is not well under-
tood [10–16].  The experimental studies, relating to the influence
f the microstructure on the hard/soft exchange coupling, have
he advantages of different microstructures obtained by dedicated

echniques: rapid solidification, mechanical milling/alloying, plas-
ic deformation, thin film multilayers, etc. The importance of the
hase composition, including fine substituting/doping elements, is
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also well exploited in experimental studies. By Ga addition and
an appropriate annealing in pulse magnetic field of melt-spun
Nd2Fe14B/�-Fe nanocomposite, Zhang et al. obtained a refinement
of microstructure and an increase of the magnetic properties [17].
Other researches present some improvement of magnetic proper-
ties by Co, Zr [18] or Nb [19] substitutions. In rapidly quenched
Nd–Fe–B ribbons, Hirosawa et al. [20] studied the influence of
the cooling rate and of the substitution elements, such as Cr
and Cu, on the Fe3B/Nd2Fe14B formation during rapid solidifica-
tion. No spectacular improvement of remanence and coercivity
has been found up to now by this approach. Dy substitution for
Nd has been successfully used to enhance the coercivity in sin-
tered (Nd0.5Dy0.5)15Fe77B8 magnet [21]. However, for mechanically
milled nanocomposites, the replacement of a small amount of Nd
by Dy does not affect the magnetic properties of the nanocom-
posite [22]. It has been proposed that the main reason of this
behaviour could be the fact that Dy substitution results in an
increase of the crystallisation temperature of the hard phase, which
in turn requires a higher annealing temperature, and thus promotes
excessive grain growth for the soft phases and leads to an undesir-
able microstructure [23]. The increase of the soft magnetic phase
percentage, �-Fe, in melt-spun nanocomposite [24] or mechan-

ically milled [25] Nd2Fe14B + x% Fe nanocomposite, increase the
Curie temperature and improves the corrosion resistance in slightly
acidic environment. Mössbauer spectroscopy studies have revealed
that in Fe milled powders, a second sextet, with lower mean
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recrystallisation temperature of Nd2Fe14B hard magnetic phase
and much higher than the recrystallisation temperature of the soft
elemental Fe.
V. Pop et al. / Journal of Alloys an

yperfine field, was observed in the spectra and it was attributed
o the grain boundaries [26]. Same type of studies on SmCo5/�-
e exchange spring nanocomposite evidenced also two sextets for
e. In this case, as result of Co and Fe interdiffusion, the two  sex-
ets were attributed to �-Fe(Co) phase and a Fe-richer Sm(Co, Fe)5
hase [27].

One way to improve magnetic properties and exchange coupling
etween the hard and soft magnetic phases is the optimization of
nnealing conditions. In mechanically milled samples, the major
art of defects and internal stresses could be removed by annealing.
he restoration of the crystalline structure of the hard phase by
nnealing is an important aspect to increase the coercivity. For this
ype of composites, the recrystallisation temperature of the soft

agnetic phase is smaller than the recrystallisation temperature of
he hard magnetic phases. Consequently the refinement of the hard
hase structure by annealing will come along with an undesirable

ncrease of soft crystallite dimension. In rapidly quenched alloys,
ernardi et al. [28] states that in order to suppress the formation
f soft phases, the samples must be annealed at a heating rate of
5–25 K/s. A high heating rate of about 50 K/s or more usually led
o the formation of large �-Fe grains. The mechanism responsible
or the favoured growth of �-Fe is not explained. A solution could
e a rapid annealing for a time of 1–120 s [28].

We succeeded to synthesize Nd2Fe14B/�-Fe and (Nd,
y)2Fe14B/�-Fe magnetic nanocomposites by mechanical milling
nd subsequent annealing around of 550 ◦C for 1.5–2 h [22,29–31].
he milled powders present poor crystallinity and a high defects
ensity. By annealing we intended to recover the crystallinity
f the hard phase and, in the same time, to hinder the increase
f Fe crystallites during annealing. The weak exchange coupling
etween Fe and hard magnetic phase was explained by the poor
rystallinity of the hard phase. In order to attain simultaneously
oth objective, a good crystallinity for the hard phase and fine
rystallite (smaller than 20 nm)  for Fe phase, in this paper we
nvestigate the effects of short time annealing on the microstruc-
ure of the hard/soft Nd2Fe14B/�-Fe magnetic composite. The
nfluence of rapid annealing on the structure, microstructure
nd magnetic properties (Hc, Mr and the strength of interphase
xchange coupling) are discussed in comparison with results
btained on nanocomposites annealed at 550 ◦C for 1.5 h.

. Experimental

The ingot with Nd2Fe14B nominal composition was prepared by induction melt-
ng  under argon atmosphere and annealed at 950 ◦C for 72 h. The purity of the
lements was  99.9%. The ingots were crushed into small pieces and were sub-
equently mechanically milled for 2 h under argon atmosphere. The powder thus
btained was mixed with elemental NC 100.24 Fe powders (Höganäs) in a weight
atio of 90% Nd2Fe14B/10% Fe. The mixture was  mechanically milled (MM)  under
rgon atmosphere using a high-energy planetary mill (Fritsch Pulverisette 4) with
he  milling vial and the balls made of 440C hardened steel. The milling time
as 8 h at a constant speed of the vial of 900 rpm with a ball-to-powder ratio

f  10:1. The vials were sealed in an oxygen-free inert environment (argon gas)
nside a glove box. Powder handling was carried out always in the same glove
ox.

In  order to investigate the influence of the annealing on the evolution of the
ard/soft exchange coupling, the samples of milled powder were sealed in silica
ubes. We accomplished for two  type of annealing: a conventional heat treatment at
50 ◦C for 1.5 h and a short time annealing at 700, 750 and 800 ◦C for times between
.5  and 3 min. Both type of annealing were performed in the same tubular furnace.
or the conventional heat treatment the silica tube with samples were placed in the
urnace at the annealing temperature of 550 ◦C, were maintained for 1.5 h and finally
ooled in air. During the heat treatment and the cooling process, the silica tube was
ontinuously evacuated at 10−6 mbar. For a better heat transfer, the short time heat
reatments were made under argon atmosphere. For this treatment, the samples
ere placed in the furnace to the annealing temperature (700, 750 or 800 ◦C) and
fter a heating period ranging between 0.5 and 3 min  the silica tubes containing the
amples were removed from the furnace and cooled in water.

The  DSC measurements were performed on a Netsch type equipment. The struc-
ure  and microstructure were checked by X-ray diffraction (XRD) on a Bruker D8
dvance diffractometer with Cu K� radiation and a Siemens D5000 powder diffrac-
pounds 509 (2011) 9964– 9969 9965

tometer using the K�1 radiation of copper (� = 0.15406 nm) in the angular interval
2� = 20–90◦ . The mean sizes of the nanocrystallites were calculated from Full-Width-
at-Half-Maximum (FWHM) of the diffraction peaks according to the Scherrer’s
formula [32]. For this purpose, an internal micro-crystallised standard where also
measured to insure a crystallites size accuracy. More details on this analysis can be
found elsewhere [33]. The hysteresis curves were recorded at room temperature by
the  extraction method [34] and by a vibrating sample magnetometer in a continuous
magnetic field of up to 10 T. The magnetic particles were blocked in a non magnetic
polymer. Considering isolated magnetic particles for hysteresis measurements, we
used a demagnetization factor of 1/3 for magnetic data.

3. Results and discussion

In order to optimize the heat treatment of milled powders, we
proceed to some thermal analyses of our samples. Fig. 1 shows
DSC (differential scanning calorimetry) curves of Nd2Fe14B sample
milled for 6 h. In the heating process, some exothermic peaks are
clearly noticed in the sample. The first one, above 200 ◦C, indicates
a release of the milling induced internal stresses. The two peaks at
around 440 and 550 ◦C could be attributed to the recrystallisation
of �-Fe and the formation (crystallisation) of Fe3B phase. The
recrystallisation of �-Fe for temperature higher than 500 ◦C was
proved by following the increase of Fe crystallites size as detected
from XRD studies [31,35].  The presence of Fe3B phase in our sam-
ples can be linked also to the thermal variation of magnetization
(M(T)), which show a magnetic phase with a Curie temperature
of about 800 K [29]. The relaxation of interface stresses between
the particles can also contribute to the exothermic peak at around
440 ◦C. The presence of �-Fe in Nd2Fe14B milled sample was  also
detected by XRD measurements. The crystallisation path observed
in some amorphous ribbons take place in two  ways: amorphous
phase (Am) → Am′ + Fe3B → Fe3B + Nd2Fe23B3 → Fe3B + Nd2Fe14B,
or (Am) → Am′ + Fe3B → Fe3B + Nd2Fe14B [7,20,36–39]. Unlike
these situations, in our case for the as-milled composite powders,
the thermomagnetic measurements indicate the presence of the
Fe3B phase (TC around 800 K) in addition to the starting phases
Nd2Fe14B and Fe [29]. The exothermic peak which starts to appear
around 700 ◦C can be attributed to the crystallisation of Nd2Fe14B
magnetic phase [18]. In the cooling process, the DSC  signal vs.
temperature shows only one transformation before 300 ◦C. This
signal does not indicate any structural modification and it can
be attributed to the Curie temperature of Nd2Fe14B hard phase,
which is around 313 ◦C. To accomplish our objective (crystallised
hard magnetic phase and small particle size for the soft magnetic
phase), we decided to proceed for rapid annealing at temperatures
between 700 and 800 ◦C. These temperatures are higher than the
Fig. 1. DSC measurements of Nd2Fe14B milled for 6 h.
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Fig. 2. X-ray diffraction patterns of Nd2Fe14B + 10% Fe composite samples obtained
after  8 h of Mechanical Milling (MM)  and annealed at the indicated temperatures
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Table 1
The crystallites mean size of �-Fe phase in a Nd2Fe14B + 10% Fe composite milled for
8  h and annealed at different temperatures and times. The crystallite size has been
calculated according to Scherrer’s formula from XRD patterns obtained with Cu K�1

radiation.

Annealing
temperature (◦C)

Annealing time
(min)

FWHM (◦) D (nm)

800
1.0 0.61 17 (±2)
1.5  0.50 21 (±2)
2.0  0.43 25 (±2)

700
1.0 0.88 12 (±2)
1.5  0.77 14 (±2)
2.0  0.66 16 (±2)
nd times. A detail of the diffraction peak observed at 82.33◦ is given in inset. The
iffraction pattern of Nd2Fe14B ingot annealed at 950 ◦C for 72 h is also given for
omparison. The peaks of �-Fe phase are indicated by black triangles.

The X-ray diffraction studies were performed on milled powder
amples and also on both type of annealed samples; a conventional
eat treatment at 550 ◦C for 1.5 h and a rapid annealing for times
etween 0.5 and 2.5 min  at temperatures of 700, 750 and 800 ◦C.
s a consequence of the induced internal stresses and decrease
f the crystallites size, after 8 h of milling of Nd2Fe14B/�-Fe com-
osite, the width of the diffraction peaks increases and most of
hem become undetectable, Fig. 2. The diffraction pattern of pure
d2Fe14B ingot annealed at 950 ◦C for 72 h is also given for com-
arison. The diffraction peaks are well resolved and rather thinner,
roving a polycrystalline microstructure. As was found in earlier
tudies [28–31,35],  in order to obtain a good soft/hard exchange
oupling, the annealing of milled composite is a critical step. The
efinement of the hard phase structure by annealing must avoid the
ndesirable increase of crystallite size of soft phase. An annealing

t 550 ◦C for 1.5 h restored the characteristic peaks of both phases:
d2Fe14B and �-Fe. The peaks of �-Fe phase are indicated by black

riangles in Figs. 2 and 3. It is difficult to evidence additional peaks

ig. 3. X-ray diffraction patterns of Nd2Fe14B + 10% Fe composite samples obtained
fter  8 h of MM and annealed at 700 and 750 ◦C for 1, 1.5 and 2 min. The diffraction
attern of Nd2Fe14B ingot annealed at 950 ◦C for 72 h is also given for comparison.
he peaks of �-Fe phase are indicated by black triangles.
550 90 0.40 26 (±2)

of Fe3B phase. This indicates that this remains a minority phase.
The influence of annealing on the 8 h milled samples, for conven-
tional heat treatment at 550 ◦C and a rapid annealing at 700 and
800 ◦C is illustrated in Fig. 2. For rapid annealing, we  observed a
net improving of the crystallinity of the hard phase in compari-
son with conventional annealing. Another noticeable result is the
larger increase of the intensity of the peaks of the Nd2Fe14B type
phase comparison with that of the soft phase. This indicates that
rapid annealing performed here are efficient to lead to the growth
of the hard phase without excessive increase of the crystallites of
soft magnetic one. More the width of the diffraction peaks of �-Fe
are a slightly wider for short time annealing, see in inset of Fig. 2
as example the peak from 82.33◦. It appears that by rapid anneal-
ing we  succeed to recover the crystallinity of hard magnetic phase
without a net increasing of �-Fe crystallites sizes. This behaviour
is explained by the fact that the annealing temperatures for rapid
heat treatments are higher than the recrystallisation temperature
of Nd2Fe14B hard magnetic phase. The conservation of small size
of Fe crystallites can be understood by the short time of annealing.
This assumption is supported also by the rapid increase of the size
of Fe crystallites by increasing the annealing time for short time
annealing. The XRD patterns of samples milled 8 h and rapidly heat
treated at 700 and 800 ◦C, for 1, 1.5 and 2 min  are given in Fig. 3. For
all the samples the characteristic peaks of Nd2Fe14B hard phase are
well resolved. This fact attests a good crystallinity of hard phase for
both annealing at 700 and 800 ◦C respectively. The characteristic
peaks of �-Fe phase are large, proving that these heat treatments
do not produce a great increase of Fe crystallites. In comparison
with the peaks of Nd2Fe14B ingot, the composite samples milled
for 8 h and rapidly annealed at 700 or 800 ◦C present broader peaks,
proving the small crystallites obtained after milling and annealing.

The nanocrystallites mean sizes of �-Fe crystallites in
Nd2Fe14B/�-Fe composite, milled for 8 h and annealed, calculated
from diffraction peak 2� = 82.33◦, according to Scherrer’s formula,
are given in Table 1. For annealed samples, classical and rapid
annealing, as shown in Fig. 1 we  consider that the second-order
internal stresses were removed; consequently, their contribution
to the FWHM was neglected. For all rapid heat treatment up to
2 min  the crystallite size are smaller than 25 nm. The small size of
the crystallites obtained for a sample annealed at 700 ◦C for 1 min:
12 nm,  entitles us to believe that no significant recrystallisation
takes place during these annealing. Moreover, the same conclu-
sion can be drawn also for short annealing (up to 1 min) at 800 ◦C.
It is important to note that the sizes of Fe crystallites in samples
annealed at 550 ◦C for 1.5 h are 26 nm,  being bigger than the Fe
crystallites obtained after rapid annealing at higher temperature.
This large crystallite size will results in a poor hard soft coupling for
samples obtained after long time annealing at 550 ◦C in comparison

with samples obtained by short time annealing at 700–800 ◦C.

The soft/hard exchange coupling was  studied from the hystere-
sis loops and from dM/dH vs. H curves. The demagnetization curves
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Fig. 4. Room temperature demagnetization curves recorded for the Nd2Fe14B + 10%
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Table 2
Coercive field and remanent magnetization of Nd2Fe14B/�-Fe composite samples
obtained after 8 h of MM and annealed at 550, 700, 750 and 800 ◦C for the indicated
times. For comparison other data taken from the literature [24,41–44] are also given.

Annealing
temperature (◦C)

Annealing
time (min)

�0Hc (T) Mr (A m2/kg)

700

0.5 0.062 106
1.0 0.417 104
1.5 0.510 103
2.0 0.541 102
2.5 0.550 100

750

0.5 0.077
1.0  0.534 101
1.5 0.555 99
2.0 0.542 97
2.5 0.537 100

800

1.0  0.544 98
1.5 0.543 96
2.0 0.497 93
2.5 0.478 94

550 90.0 0.470 107
0  0.0 0.058 81
Nd2Fe14B + 10 wt%  �-Fe; milling and

hot-pressing at 650 ◦C for 30 min  [24]
0.500 80

Nd7DyFe87.5B4.5 (30% �-Fe); melt spinning and
annealing at 615 ◦C/2 min [41]

0.494 115

Nd8.4Fe87.1B4.5; mechanical alloying and
annealing 650 ◦C/20 min  [42]

0.350 110

1  − x wt% Nd8.55Fe84.49W0.60B6.36 +x wt% Co;
mechanical alloying + annealing at 675 ◦C
[43]

0.515 107
e  composite milled 8 h, as-milled samples and annealed samples at 550 and 700 ◦C
or times indicated in the figure. The corresponding hysteresis curves are given in
nset.

or Nd2Fe14B/�-Fe composites milled for 8 h and rapidly annealed
t 700 and 750 ◦C for different times are plotted in Fig. 4 (8 h MM+
00 ◦C/x  min) and Fig. 5 (8 h MM+  750 ◦C/x  min) respectively. The
emagnetization curves for 8 h milled samples, 8 h MM,  and sam-
les annealed at 550 ◦C for 1.5 h, 8 h MM+  550 ◦C/1.5 h, are given
lso for comparison. The saturation behaviour is illustrated in the
nset of Figs. 4 and 5 for the hysteresis loops between ±10 T. From
oth figures we can observe an obvious improving of the coerciv-

ty and remanence after annealing, either conventional or rapid
nnealing. Furthermore, for samples obtained by rapid annealing
he coercive field is higher than that for samples obtained by clas-

ical annealing. On the contrary, the remanence magnetization is
lightly larger for the samples obtained by conventional annealing.
he remanent magnetization decreases slowly by increasing the

ig. 5. Room temperature demagnetization curves recorded for the Nd2Fe14B + 10%
e  composite milled 8 h, as-milled samples and annealed samples at 550 and 750 ◦C
or times indicated in the figure. The corresponding hysteresis curves are given in
nset.
Nd2Fe14B + 10% �-Fe; milled for 48 h and
annealed at 650–750 ◦C [44]

0.600 94

temperature or the time of rapid annealing. This behaviour could
be connected with the decrease of the exchange strength of �-Fe
phase, given by the slight increase of Fe crystallites. The values of
coercive fields and remanent magnetizations are given in Table 2
for the studied samples. This behaviour is in good agreement with
the structural and microstructural behaviour evidenced before; the
diffraction patterns showed a better crystallinity of hard phase after
rapid annealing than after conventional annealing at 550 ◦C for
1.5 h. The demagnetization curves for rapid annealed samples are
smoother than that for samples annealed at 550 ◦C for 1.5 h. This
behaviour is explained by the smaller Fe crystallites obtained in
rapid annealed samples, Table 1. For samples annealed at 700 ◦C we
can observe a progressive increasing of coercive field by increasing
of the annealing time. However saturation can be seen for 2.5 min  of
annealing. The coercive field is maximum for the sample annealed
for 1.5 min  at 750 ◦C. For higher annealing temperature we expect
a decreasing of the optimum annealing time. Indeed for annealing
at 800 ◦C the maximum coercive field is obtained for 1 min of heat
treatment, Table 2. For 2 min  of annealing a decoupling between the
hard and the soft magnetic phases can be seen from the demagne-
tization curves in Fig. 6. This behaviour is better evidenced from
dM/dH vs. H curves, Fig. 6, where, at lower fields, a second peak
emerges for the 2 min  annealed sample. In Fig. 7 we present dM/dH
vs. H curves for the samples with the higher coercivity (annealed
at 700, 750 and 800 ◦C for 2.5, 1.5 and 1 min  respectively) and sam-
ples annealed at 800 ◦C for 2 min, annealed at 550 ◦C for 1.5 h and
as-milled sample. The as-milled samples present only one peak at
very low field. This behaviour proves the bad coercivity of milled
composite which can be explained by the poor crystallinity of hard
phase after milling. The dM/dH vs. H curves for samples annealed at
700, 750 and 800 ◦C for 2.5, 1.5 and 1 min  respectively present a big
and sharp peak at around 0.6 T and also a shoulder at around 0.16 T.

The important peak at 0.6 T is given by the hard/soft composite well
coupled by exchange interactions. The peak at around 0.16 T can be
attributed to the coupled Fe3B and �-Fe phases. This assumption
is based on the previous observation from DSC measurements and



9968 V. Pop et al. / Journal of Alloys and Compounds 509 (2011) 9964– 9969

F
f
2

o
w

t
a
c
t
s
b
g
f
w
s
d
o
o
t

F
c
t

ig. 6. Room temperature demagnetization curves and dM/dH vs. H curves recorded
or the Nd2Fe14B + 10% Fe composite milled for 8 h and annealed at 800 ◦C for 1 and

 min.

n the literature data which show that Fe3B gives a magnetic phase
ith coercivity around 0.2 T [40].

The samples rapidly annealed at 800 ◦C for 2 min  and conven-
ionally annealed at 550 ◦C for 1.5 h present a lower peak at 0.6 T
nd second supplementary peaks at low field in the dM/dH vs. H
urves. The increase of the second peak at low field proves that for
hese last annealing it is possible to initiate the crystallisation of a
emi-hard magnetic phase such as Fe3B phase. To understand this
ehaviour, it is worth to note also that the crystallite sizes are big-
er for sample obtained after conventionally annealing at 550 ◦C
or 1.5 h. Indeed the crystallite sizes increase from 17 to 25 nm
hen the time of annealing, at 800 ◦C, increases from 1 to 2 min,

ee Table 1. The evolution of the coercive field vs. annealing con-

itions is illustrated in Fig. 8. By this preparation method, after 8 h
f dry milling and different heat treatments, a maximum coercivity
f 0.59 T can be reached. The importance of the annealing time and
emperature is well illustrated in Fig. 8. Comparable coercivity of

ig. 7. Room temperature dM/dH vs. H curves recorded for the Nd2Fe14B + 10% Fe
omposite milled for 8 h and annealed at 550, 700, 750 and 800 ◦C for the indicated
imes.
Fig. 8. Coercive field vs. annealing times for Nd2Fe14B + 10% Fe composite milled for
8  h and annealed at 700, 750 and 800 ◦C.

the magnetic nanocomposite can be attained for shorter annealing
time when increasing the annealing temperature. Magnetic prop-
erties of Nd2Fe14B/�-Fe (10 wt% of Fe) studied nanocomposites,
obtained after 8 h of mechanical milling and different annealing,
are in the same range as other reported data [25,41–44],  Table 2.

4. Conclusions

Nd2Fe14B/�-Fe nanocomposites have been obtained after 8 h
of mechanical milling and different annealing: conventional and
rapid heat treatments. The influence of the annealing conditions
on the structural and magnetic behaviour of mechanically milled
Nd2Fe14B/�-Fe composites has been studied. The diffraction peaks
of hard magnetic phase are broadened by milling and the peaks
almost disappear for 8 h of milling. The characteristic diffractions
peaks of Nd2Fe14B phase are restored during conventional heat
treatment at 550 ◦C for 1.5 h or short time annealing at 700, 750 or
800 ◦C. The annealing induces also a refinement of the �-Fe struc-
ture. DSC studies suggest the crystallisation of Fe3B phase also.
Because of the partial superposition of Nd2Fe14B and Fe3B phase
it was difficult to evidence the presence of Fe3B phase from XRD
measurements. The Fe crystallites sizes of short annealed samples
are smaller than the crystallite sizes of samples obtained after heat
treatment at 550 ◦C for 1.5 h. To summarize, it is found that these
rapid annealing approach tested here is more efficient to promote
the recrystallisation of the hard Nd-Fe-B phase without leading to
an excessive grain growth of the soft magnetic phase. This favours
the obtention of better magnetic properties.

The best interphase coupling with a coercivity of 0.47 T was
obtained in classical annealed samples after a heat treatment at
550 ◦C for 1.5 h. By rapid annealing, the coercivity increases by
about 20%. A better coercivity of 0.55 T (see Table 2) is obtained
for samples annealed at 700, 750 and 800 ◦C for 2.5, 1.5 and 1 min
respectively. After rapid annealing, the increasing of coercivity is
not accompanied by an increasing of the remanence. This behaviour
results from a weakness in the interphase coupling and probably
from the presence of Fe3B phase as was evidenced from dM/dH

vs. H curves. However, for classical annealed samples, the inter-
phase exchange coupling is better for the 6 h milled samples than
in samples obtained after 8 h of milling. Consequently further
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