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SmCos/a-Fe nanocomposite material obtained by
mechanical milling and annealing
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The influence of the milling and annealing conditions on the structural and magnetic behaviour of mechanically-milled
SmCos/a-Fe alloys has been studied. The structural evolution of the samples was followed by X-ray diffraction. The width of
the hard magnetic phase diffraction peaks increases with milling time, then the peaks almost disappear for eight hours of
milling. The characteristic diffractions peaks of the SmCos-type phase are restored during subsequent heat treatment. The
coercive field, the remanent magnetisation and the degree of the exchange coupling between the hard magnetic grains and
the soft a-Fe grains were studied by magnetic measurements, performed in magnetic fields up to 10 Tesla and

temperatures between 4 K and 300 K as well as by Mdssbauer spectrometry.
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1. Introduction

The research of nanocrystalline materids has
undergone huge devel opment in the last years. Theinterest
in the study of nanocomposite hard magnetic meterias
begun in the year 1991 when it was shown that an intimate
mixture of exchange-coupled magneticdly hard
nanograins (Nd;Fe;sB) and magnetically soft nanograins
(FesB and/or a-Fe), could in principle lead to maximum
energy products (BH)ma higher than those achieved in the
existing sintered magnets [1]. The low remanence
normally expected for isotropic magnets, M, =My/2 (where
M: is remanent magnetisstion and Ms represents the
saturation magnetisation), could be enhanced as an effect
of the interfaciad exchange coupling existing at the
nanometer scale between the soft and hard grains[2, 3]. In
addition to this so-called remanence enhancement effect,
the coupling between hard and soft grains works against
reversal of the soft grain magnetization. This is the so-
caled exchange-spring phenomenon [4-10]. As a result,
spring magnets combine the high anisotropy of hard
magnetic phases with the large magnetization which may
be found in soft magnetic phases.

There are two basic parameters that characterize the
structure of the nanostructured materias: the crystalites
diameter, D, and the volume fraction of the nanocrystalline
phases, V. In hard magnetic nanocrystal line materias full
or amost full crystalization is required. The critical
dimension for the soft phase, below which the soft phase is
rigidly coupled to the hard phase, is found to be roughly

twice the width of the domain wall in the hard phase, J

[11]:
o, =1 A TK, (1)

where A, and K, are the exchange and anisotropy
constants of the hard magnetic phase, respectively. From
an experimental point of view, a large reversible
demagnetization curve in conjunction with a remanence
reinforcement, m, > 0.5 (m = M,/Ms), may be considered
as a criterion characterizing the presence of the exchange
spring mechanism.

Severa studies were performed in view of obtaining
spring magnet type magnetic materials by mechanical
aloying (MA) or mechanical milling (MM) [10, 12-18].
Since the discovery of intergrain exchange coupling
magnetic material, mechanical aloying has become a
widely used preparation technique to obtain
nanocrystalline structures. Mechanical alloying involves
the synthesis of materials by high-energy bal milling [19],
in which dementa blends (or pre-aloyed powders) are
milled to achieve aloys or composite meterials. We
concentrate on the mechanical milling technique to blend
two different magnetic phases. In a previous study,
mechanical milling was applied to synthesize SmCos/a-Fe
magnetic nanocomposites starting from a mixture of two
hours milled SmCos and 20 weight percent of elemental
iron [20]. The coercivity and the remanence were found to
be dependent upon the process conditions and they could
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be improved by adjusting the milling and/or heat treatment
conditions (time and temperature). In the present study, we
proceed to a systematic study of the exchange coupling
which is induced by mixing a hard and a soft phase
through mechanical milling. We tried to obtain exchange
coupling between crystallites of these two phases, without
any chemica resctions between the starting magnetic
phases.

2. Experimental

MA or MM can be performed in air or under
controlled atmosphere. Because the rare earth are very
sengitive to the oxygen, for the preparation of rare-earth
permanent magnetic materials it is necessary to carry out
MM in inert atmosphere in order to avoid rare earth
oxidation. Subsequent annealing of MM materials can be
used to favour the formation of the desired phases. Also
the annedling treatment diminishes the internd stresses
induced by milling.

An dloy ingot with the SmCos nominal compoasition
was prepared by induction melting under argon
amosphere. The purity of the elements was 99.9%. The
ingot was crushed into smal pieces and it was
subsequently mechanicdly milled for two hours in a high
energy planetary mill under argon atmosphere. The SmCos
powder thus obtained was mixed with an iron powder
(grain size beow 40 um) in aratio of 80 (SmCos)/ 20 (Fe)
weight percent. The mixture was mechanicdly milled
under argon atmosphere using the above-mentioned high-
energy planetary mill. Severd milling times were used
ranging from 2 to 8 hours. In order to investigate the
influence of the annealing on the evolution of the
Fe/SmCos exchange coupling, samples made of milled
powder were sesled inside evacuated silica tubes for
further heat treatments. These treatments were performed
a temperature ranging from 350 to 650 °C for different
times ranging from 0.5 to 10 hours. Note that the chosen
maxi mum annesaling temperature of 650 °C is smaller than
the recrystallisation temperature of the phases involved in
the samples.

X-ray diffraction patterns were recorded in the
angular range 260 = 25 — 100°. For these experiments a
SIEMENS D500 powder diffractometer with the K,
radiation of copper (A = 1.5406 A), was used. Scanning
electron microscopy (SEM) and X-ray microanaysis
studies were peformed on a Jeol-JSM 5600 LV
microscope equipped with an EDX spectrometer (Oxford
Instruments Inca 200 soft). The magnetic ordering
temperatures were determined with a Faraday type balance
at heating and cooling retes of 5 K per minute. A sample
of c.a 50 to 100 mg was sealed under vacuum in a small
silica tube in order to prevent oxidation of the sample
during heating. The magnetization curves were recorded
between 4 K and room temperature, using the so-called
extraction method [21] in a DC magnetic field of up to
10T.

*Fe Mossbauer spectrometry experiments were
performed at room temperature in transmission geometry,
using a*'Co source in a rhodium matrix. The Mé&ssbauer
spectra were fitted according to a least squares method
[22].

3. Results and discussion

The progressive evolution of the structure and
microstructure of SmCos/a-Fe samples a the different
stages of the process was checked by X-ray diffraction.
The X-ray diffraction patterns for samples milled for two,
four, six and eight hours are presented in Fig. 1. These are
given for as milled samples and for samples annealed at
450 °C for 0.5 hours. The X-ray pattern for the two hours
milled SmCos sample is aso shown for comparison. As a
conseguence of the induced internal stresses and decrease
of the crystallites dimensions, after two hours of milling of
SmCos the width of the diffraction peaks increases and the
high angle peaks become progressively undetectable. For
the composite SmCos/a-Fe samples, the Bragg peaks
corresponding to SmCos and a-Fe phases are broadened
by milling but no additional peaks are evidenced. The
diffraction peaks are better resolved after annealing. The
annealing temperature being smdler than the
recrystallisation temperature, this refinement of the
structure and microstructure can be attributed to the
decresse in the internal stresses, aready resulting from
annealing a moderate temperature. X-ray patterns for the
8 hours milled sample annealed at temperatures between
450 and 650 °C for 0.5 or 1.5 hours are presented in Fig. 2.
A narrowing of the diffraction pesk and an increase in
their intensity are observed after annealing. A similar
behaviour was obtained for al milling times. It is
important to note that even after 8 hours of milling the
X-ray patterns of al annedled samples show the presence
of both starting phases. SmCos and a-Fe. For high
annealing temperature (600 and especidly 650 °C) a
decrease of the Fe characteristic peaks was observed. It
can not be completely excluded that a smal Fe amount
enters into the hard phase. In Fig. 2, the presence of weak
peaks which are characteristic of the Sm,;O; phase reveals
that partial oxidation occurs during anneding at
temperatures above 500 °C. This happens despite the fact
that the milling and annealing at appropriate temperatures
do not change the nature of the phases present in the
studied samples. The mean size of the nanocrystallites was
calculated from Full-Width-at-Haf-Maximum FWHM of
the diffraction peaks according to Scherrer’s formula [23].
In order to do so, the resolution of the diffractometer has
been determined from the diffraction pattern of areference
sample. Details of this procedure can be found elsewhere
[24]. The grain sizeis derived to be of about 18 nm.
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Fig. 1. X-ray diffraction patterns of the SnCos +20% Fe

composite samples for as milled samples (2, 4, 6 and 8

hours of milling) and samples annealed for 0.5 hoursat
450 °C, compared to that of SmCos milled for 2 hours.
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Fig. 2. X-ray diffraction patter ns of the SmCo5 +20% Fe
composite sasmple milled for 8 hours and annealed for the
indicated time and temperature.

Scanning el ectron microscopy images of the 2 hours
milled SmCos hard phase revedled that the corresponding
powder is composed of agglomerates (100-200 pm) and
the agglomerate particles are formed by grains of about
5-10 um [20]. The SEM images for SmCos+20wt%Fe
composite powder milled for 2 hours and 8 hours are
presented Fig. 3aand Fig. 3b respectively. After 2 hours of
milling the SmCos+20wt%Fe composite powder is not
homogeneous. For example in Fig. 3aalarge iron particle
with flaky shape obtained by MM is well evidenced. By
contrast, after 8 hour of milling the particle dimensions are
more homogeneous, Fig. 3b. Consequently we do not
expect a good magnetic coupling by exchange interactions
between hard and soft magnetic phases for 2 hours milled
sample, whereas after 8 hours of milling a better coupling
is expected a priori.

A quantitative evaluation of the chemica
homogeneity for the agglomerates and grains was derived
from the EDX measurements. In Figs. 4 and 5 we present
the EDX results for two samples, milled for 2 hours and 8
hours respectively. The results presented in these figures
show that after 2 hours of milling of the SmCos +20 wt%
Fe composites, the iron and cobdt distributions are not
uniform, Fig. 4. We can see Co rich and especialy Ferich
areas located under different grains. After 8 hours of
milling, Fig. 5, the distributions of Co and Fe are very
similar. This proves a good homogeneity of the mixing of
two magnetic phases, SmCos hard phase and soft a-Fe
phase after 8 hours of milling. These conclusions are in
agreement with the results of magnetic measurements
discussed be ow.

@

(b)

Fig. 3. FEM images for SnCos+20wt%Fe composite
powder milled for 2 hours (a) and for 8 hours (b).
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Fig. 4. EDX analysis for Co (b), Fe (c) and the image of Fig. 5. EDX analysis for Co (b), Fe (c) and the image of
the corresponding analysed area (&) for the 2 hours the corresponding analysed area (a) for the 8 hours
milled SMCos +20% Fe composite. milled SmCos +20% Fe composite.

The isotherma magnetisation curves for as milled
samples, recorded a room temperature, are plotted in FHg. 6.
For comparison, the hysteresis curve of the hard phase
SmCos milled for 2 hours is aso given. As expected for a
hard phase, the 2 hours milled SmCos compound exhibits



498 V. Pop, O. Isnard, I. Chicinas, D. Givord, J. M. Le Breton

a broad hysteresis cycle with a magnetisation of about
84 emu/g under a fidd of 10 T. After mixing of the hard
SmCos phase with the Fe soft magnetic phase and milling,
the saturation magnetisation is greatly enhanced up to
about 128 emu/g, but the coercivity drops. Indeed, the
coercivity decreases from 1.05 T for the 2 h milled SmCos
to 0.29-0.09 T for SmCos+20wt%Fe composite samples
milled between 2 and 8 hours, Fig. 6. The greater
coercivity of the 2 hours milled SmCos+20wt%Fe sample
is actualy related to the shape of the demagnetisation
curve, which shows that the magnetic coupling between
the hard and the soft magnetic phases is poor. This aspect
is in agreement with the fact that after 2 hours of milling
an inhomogeneous mixture of the two magnetic phases
was shown to occur by SEM, Fig. 4. The evolution of the
demagnetisation curves shows an improvement of the
exchange coupling between Fe and SmCos upon
increasing milling time. Thisis associated with a decrease
in the coercive field value. The better exchange coupling
between two magnetic phasesis given by the homogeneity
of the long time milled samples, Fig. 5, and the nanosize
of the crystallite deduced from X-ray diffraction patterns,
Fig. 1 and 2. We dso note the poor remanence value
measured in samples after the milling process. The drop of
the magnetic parameters can be partly overcome by a heat
trestment at 450 °C for 0.5 hour, Fig. 7. The magnetic
coupling isimproved in al the samples. The coercive field
increases up to five times. This hest trestment also enables
the high magnetisation induced by Fe addition to be
preserved. Furthermore the remanence is significantly
increesed up to 25 times. After anneding, the
demagnetisation curve exhibits a smooth shape testifying
for a good coupling between the hard SmCos and soft Fe
magnetic phases. The influence of the annesaling on the
shape of the hysteresis curve and magnetic characteristics
for 8 hours milled SmCos+20 wt%Fe sample is presented
in Fig. 8. The increasing of the annealing temperature or
the annealing time improves the rectangularity of the
hysteresis curve and consequently an incresse of the
coercivity and of the remanence is observed. The stronger
influence was observed in the coercive field. The coercive
field increases from 0.09T for the as milled sample up to
045, 071 o 0.81 Teda for samples anneded at
450 °C/0.5 hours, 500 °C/1.5 hours or 650 °C/0.5 hours
respectively. The remanence increases strongly up to
77 emu/g for the first hest trestment, 450 °C for 0.5 hours.
The maximum value of 82 emu/g is obtained in samples
annealed a 500 °C for 1.5 hours. Higher annesling
temperature induced a slow decreasing of the remanent
magnetisation up to 77 emu/g for the sample annealed at
650 °C for 0.5 hours. Also a little shoulder in the
demagnetisation curves was observed for the sample
milled 8 hours and annesaled at 650 °C for 0.5 hours. This
behaviour can be understood if one considers that
annealing performed up to about 550-600 °C improves the
exchange interactions between soft Fe and hard SmCos
nanocrystallites. For higher annedling temperatures some
recrystallisation starts and chemical reaction between the
two phases may occur, whereas the exchange coupling
becomes poorer.
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Fig. 6. Room temperature hysteresis cycles recorded for

the SMCos +20% Fe composite samples milled from 2 to

8 hours compared to that of the hard phase SmCos
milled for 2 hours.
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T T T
+ /
SmCo, 20Fe/gh NI M e
100 i T vl
50
Y
>
& 0
= —e—as milled
: ; i —+—450°C 0.5h
50 ot ; ——500°C 1.5h
; i —*550°C 1.5h
; H —*—600°C 0.5h
-100 & ¥ . R —*—650°C 0.5h
' H H —%—SmCo,/2h MM
1 i 1 i

-2 -1.5 -1 -0.5 05 1 15 2

0
HH (T)

Fig. 8. Room temperature hysteresis cycles recorded for

the SMCos +20% Fe composite samples milled 8 hours

and annealed compared to that of the hard phase SmCos
milled for 2 hours.



SmCos/a-Fe nanocomposite material obtained by mechanical milling and annealing 499

In order to study the influence of the milling and
annealing on the physical properties, some samples were
andysed by °'Fe Mossbauer spectrometry a room
temperature.  The  Mossbauer  spectra  of  the
SmCos+20wt%Fe composite obtained after 6 hours of
milling and annedled at 450 °C for different times are
presented in Fig. 9. All the experimental spectra are
mainly composed of the magnetic contribution of a-Fe, in
agreement with the presence of the soft o-Fe phase.
However, a second contribution can aso be observed, and
must be taken into account for the fit. Consequently all the
spectra were fitted with two contributions. The first
contribution is composed of two magnetic components
with hyperfine fields in the 33-36 T range, and is
dtributed to the a-Fe type phase. The fact that the
hyperfine fields are higher than 33 T (this vaue
corresponds to pure a-Fe) indicates that the phase contains
Co aoms, and is thus denoted a-Fe(Co). The second
contribution is composed of two magnetic components
with hyperfine fields in the 26-33 T range. This
contribution has a mean hyperfine field (about 27.7 T)
which is reduced compared to that of pure a-Fe, and of the
same order as the hyperfine field of iron-rare earth
intermetalics. Thus, the second contribution could be
atributed to Fe atoms that diffused in the SmCos phase
during milling, in so-called Sm(Co,Fe)s regions.

The fittings show that when the milling time
increases, the relative intensty of the o-Fe(Co)
contribution decreases, while that of the Sm(Co,Fe)s
regions increases, as shown in Fig. 10. This indicates that
increasing the milling time leads to an increase of the
proportion of Fe atomsin the Sm(Co,Fe)s regions.
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Fig. 9. Room temperature Mdossbauer spectra of
SnCos+20Wt%Fe composite milled 6 hours and
annealed at 450°C for different times. The minority
contribution of the Sn(Co,Fe)s regionsisdisplayed on top.
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Fig. 10. Mosshauer reative intensties of the two

contributions to the Mdossbauer spectra of the

SmCos+ 20wt%Fe composite asa function of the milling
time.

It has to be noted that the mean hyperfine field of the
a-Fe(Co) contribution increasses with the milling time, in
relation with an increase of the Co content in the phase.
According to the hyperfine field values obtained from the
fittings, the Co content is always less that 10%, increasing
from 3% in the powder milled 2 hoursto 9% in the powder
milled for 8 hours. The results of the Mdossbauer
investigation of samples milled for 6 and 8 hours and
annealed at 450 °C show that after annealing, the relative
intensity of the supposed Sm(Co,Fe)s regions dightly
increases up to a maximum value of about 27%. This
result confirms that annealing a 450 °C induces a
refinement of the microstructure, related to the increase of
the exchange coupling between the soft and hard phases.

4. Conclusions

SmCos/ a-Fe nanocomposite alloys have been obtained
by mechanical milling process. The influence of the
milling and annedling conditions on the structurd and
magnetic behaviour of mechanically-milled SmCos/a-Fe
aloys has been studied. X-ray diffraction has enabled usto
follow the structurd evolution of the samples versus
milling time and annealing conditions. The hard magnetic
phase diffraction peaks are broadened with milling time,
then the peaks amost disappear for e ght hours of milling.
The characteristic diffractions peaks of the SmCos-type
phase are restored during subsequent hest treatment. The
annealing induces a refinement of the structure and
nanosize crystallites are obtained for the long milling time.

After mixing of the hard SmCos phase with the Fe soft
magnetic phase and milling, the saturation magnetisation
is greatly enhanced up to about 128 emu/g but with adrop
of the coercivity comparison with that of the starting
SmCos phase. This has been attributed to the poor
exchange coupling between the hard and soft magnetic
phases. Measurements of the hysteresis cycles show an
improvement of the exchange coupling upon increasing
milling time but the remanent magnetization remains poor.
After annesling, the demagnetisation curve exhibits a



500 V. Pop, O. Isnard, I. Chicinas, D. Givord, J. M. Le Breton

smooth shape testifying for a good coupling between the
hard SmCos and soft Fe magnetic phases. The increase of
the annealing temperature or the annealing time improves
the rectangul arity of the hysteresis curve and leads to an
improvement of both coercivity and remanence.
According to Mossbauer spectrometry investigation, the
mean hyperfine fiedd of the soft a-Fe contribution
increases with the milling time. This behaviour could be
connected with an increasse of the Co content in the a-Fe
phase. Also, a contribution attributed to Fe atoms that
diffused into the SmCos phase during milling is evidenced
in the M&sshauer spectra of both as-milled and annealed
samples. An increase of the milling time leads to an
increase of the proportion of Fe atoms in the so-caled
Sm(Co,Fe)s regions. In order to elucidate the above
problems and to improve the exchange coupling between
hard and soft magnetic phases, further study will be
devoted to a systematic investigation of the evolution of
the structure, microstructure, hysteresis behaviour and of
the MOssbauer spectra versus both milling and annealing
conditions.
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