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ABSTRACT

A surfactant-assisted ball milling was employed for the processing of SmCos and SmCos/Fe nanopow-
ders in presence of oleic acid as surfactant. Two types of samples: one is the sediment powders slightly
larger particle size in the range of 0.2-1 wm and other is the suspension in the milling medium with col-
loidal particles in the range of 4-20 nm were obtained. Structural and magnetic properties of SmCos and
SmCos/Fe sediment powders, as well as their constituent colloidal nanoparticles were investigated by a
transmission electron microscopy (TEM), small angle X-ray scattering (SAXS) and vibrating sample mag-
netometer. TEM analysis on the colloidal particles revealed a plate-like faceted morphology with particle
diameter in the range of 4-20 nm, while SAXS analysis suggested that the shape of particles are lamellar
with average thicknesses in the range of 0.5-1.0 nm. A possible mechanism for the formation of lamellar
particles with faceted morphologies due to the milling process is discussed. Magnetic measurements on
these nanoparticles showed superparamagnetic nature, with very low coercivity and remanence values.
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1. Introduction

Recently, there has been great scientific interest in the prepara-
tion and processing of nanocomposite hard magnets [1-3], owing
to their capabilities to offer energy-product higher than the tra-
ditional, single-phase hard magnets. The basic principle in the
nanocomposite hard magnet is to exchange couple a hard mag-
netic phase having high coercivity with a soft phase of very large
magnetization (both the phases must be in nanosize). In this con-
text, the hard magnet research is directed towards development
of nanocomposite magnets based on Nd-Fe-B (hard)/Fe (soft),
Sm-Co (hard)/Fe (Co) (soft) and FePt (hard)/Fe (soft) phases [4-6],
wherein the hard phase provides coercivity and the soft phase
offers magnetization. In general, the processing of the nanocom-
posite magnets are mainly based on mechanical alloying utilizing
Fe as the soft phase, as it known to offer very high magnetization.
Although, the mixing or alloying of the soft phase, i.e. Fe, with
the hard phase such as SmCos, NdFeB and FePt can be expected
with the intensive milling; it should be noted that the mechan-
ical behavior of constituted phases are different—the hard phase
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being a brittle system, while the soft phase being ductile sys-
tem. Milling of such dissimilar constituents (brittle-ductile) can
greatly affect the size-distribution and hence structural and mag-
netic properties of the resultant milled nanocomposite powders.
Analyzing the structural and magnetic properties of such milled
nanocomposite powders can be considered as more of scientific
and technological important, in view of improving the perfor-
mance of nanocomposite magnets. In this context, a systematic
investigation on the structural and magnetic properties of SmCos
(brittle) and SmCos/Fe (brittle-ductile) magnetic powders has been
made utilizing surfactant-assisted milling. The advantages of using
surfactant-assisted milling are that one can able to prepare sed-
iment powders, along with very fine colloidal nanoparticles of
milling ingredients [7-9].

Generally, irrespective of the synthesis methods, the morphol-
ogy of nanoparticles is mainly derived with transmission electron
microscopy (TEM). Although TEM is a robust instrument in terms of
what it can analyze, it does have limitations. One of the largest lim-
itations of TEM is the small sampling volume. When using TEM to
analyze the size of a sample, in particular small particles, it is prag-
matic to use another technique to corroborate the TEM data. Such
techniques would be scattering techniques like small angle X-ray
scattering (SAXS) or dynamic light scattering. Scattering techniques
sample a larger volume of the specimen and give information about
the bulk properties of sample. In the present study, SAXS tech-
nique has been applied to study the size, shape and distribution
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of particles from scattering data by means of the well established
‘indirect Fourier transformation’ technique followed by the numer-
ical deconvolution of the pair distance distribution function (PDDF)
[10]. The SAXS results were discussed by comparing with the TEM
analysis.

2. Experimental

The precursor SmCos alloy was prepared by melting of elemental Sm and Co
in high purity argon atmosphere. The alloy ingot was crushed into powder size of
~300 wm, prior to milling. Heptane (99.8% purity) and oleic acid (90%) were used
as a solvent and surfactant, respectively during milling. Milling was performed in
a planetary ball mill (FRITSCH pulverisette) with the milling vial and balls made of
tungsten carbide. A milling duration of 10 h at a constant speed of 200 rpm was used
with ball to powder ratio of 10:1. The amounts of surfactant and solvent employed
were ~10% and ~55% in weight, respectively of the starting powder. In a similar
manner, colloids of SmCos/Fe nanocomposites were also prepared by mixing 10 wt%
of commercially available a-Fe powders (Alfa Aesar; purity: 99.5%) having particle
size less than 10 pm.

The use of surfactant during milling resulted in a fine particle suspension
(referred as colloid) along with a coarse particles (referred as powder) sedimented
at the bottom of the milling vial [8]. Both the colloid and powder were consid-
ered for investigation. Microstructure of the colloids was characterized using a TEM
equipped with energy dispersive X-ray analysis (EDAX) facility, while for the milled
powders a field-emission scanning electron microscopy was utilized. Samples for
TEM were prepared by placing a drop of colloid on a Formvar carbon-coated cop-
per TEM grid and subsequently, moving in a dessicator, the so prepared TEM grid
in order to dry overnight. The identification of the phases formed in the milled
powders was examined by X-ray diffraction (Philips, Cu Ka radiation). Magnetic
properties of the powder samples were evaluated using a vibrating sample magne-
tometer (VSM) (ADE make, model EV9) up to a maximum field of 20 kOe. Small angle
X-ray scattering measurements for the SmCos and SmCos /Fe colloidal samples were
made with the help of PW3830 X-ray generator (Anton-Paar, Austria) operated at
40kV and 50 mA with Cu target. The scattering data collected were used to calcu-
late size, shape and distribution of the SmCos and SmCos [Fe colloidal nanoparticles.
Data were obtained in the form of scattered X-ray intensity ‘I' as a function of the
scattering vector q=(47m/A) sin@ [1/nm], where 0 is the scattering angle and A is
the wavelength of the radiation [11]. The data analysis was performed using GIFT
computer program.

3. Results and discussions

By adopting surfactant-assisted milling for the SmCos and
SmCos/Fe alloys, both fine powders and their nanoparticle sus-
pension were obtained. The results of structural and magnetic
properties of the fine powders, as well as the nanoparticle suspen-
sion are discussed below.

3.1. Structural and magnetic properties of SmCos and SmCos/Fe
powders

In Fig. 1, we show the SEM morphology of 10 h milled SmCos
and SmCos/Fe powders obtained by the surfactant-assisted milling.
Though, it can be seen that both the milled powders appear to be
large agglomerates with sizes in the range 0.2-1 wm, the presence
of plate-like or elongated structures in the case of SmCos/Fe pow-
ders is quite obvious. This is due to the fact that during the milling of
brittle (SmCos)-ductile (Fe) systems, the ductile powders acquire
elongated shapes, while the brittle counterparts are simply frac-
tured. The XRD patterns for the SmCos and SmCos/Fe sediment
powders obtained surfactant-assisted milling are shown in Fig. 2.
The XRD analysis revealed that all the powder samples were mainly
comprised of SmCos and Fe as the constituent phases, with some
traces of impurities such as SmyO3-occurred during the milling pro-
cess. Using Scherrer’s equation, the average grain size of the milled
powders was calculated for both SmCos and a-Fe phases and is
listed in Table 1. In both the milling processes, the calculated grain
size values for SmCos (11 1) peaks were much lower than that of
the Fe (110) peaks. This is due the fact that during milling process,
the chances of getting finer grain size for SmCos is more prominent,
because of its high brittleness, than Fe which is ductile. The mag-
netic hysteresis curves of the oleic acid coated SmCos and SmCos/Fe

Fig. 1. SEM micrographs of oleic acid coated (a) SmCos and (b) SmCos/Fe nanopow-
ders obtained at 10-h of milling time.
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Fig. 2. X-ray diffraction patterns of (a) SmCos and (b) SmCos/Fe nanopowders
obtained by surfactant-assisted milling.

Table 1
Properties of 10-h milled SmCos and SmCos/Fe powders obtained by surfactant-
assisted milling.

Powders Grain size (nm) H. (kOe) M; (emu/g)
SmCos (111) Fe (110)

SmCos 19.8 - 5.6 40.9

SmCos/Fe 21.7 36.8 3.5 54.3
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Fig.3. Magnetic hysteresis loops for the 10-h milled SmCos and SmCos/Fe nanopow-
ders.

powders are shown in Fig. 3. The measured coercivity (H) values
of the milled powders were significantly lower than that of their
bulk counterparts. This could be due to the particle amorphization
occurred in the milled SmCos powders [12] and the smaller parti-
cles have more amorphous structure, which leads to the reduced
coercivity [13]. Further, it is also possible that the oxide impurities
(Smy03) which were formed during milling may contribute to the
decrease in coercivity values. The measured H, values for the SmCos
powders (5.6 kOe) are relatively higher than that of the SmCos/Fe
powders (3.5 kOe); while, the measured magnetization (Ms) values
for the SmCos/Fe powders (54.3 emu/g) are higher than that of the
SmCos powders. The above facts are attributed to the addition of
soft magnetic phase (Fe) with the SmCos phase. A simple calcula-
tion of the saturation magnetization value assuming 220 emu/g for
Fe and as we know that 10% by weight is iron in the milled powder
sample and taking the magnetization of SmCos to be 41 emu/g; the
obtained magnetization value 54.3 emu/g for the SmCos/Fe sample
confirming that Fe stands alone in the milled sample.

3.2. Structural and magnetic properties of SmCos and SmCos/Fe
nanoparticles

With the use of oleic acid together with the heptane during
milling, a black coloured magnetic fluid containing nanoparticle
suspension was obtained. The surfactant adsorbed by the fresh
surface of particles crushed during the ball milling, leading to a
surface modification for the ground particles and thereby colloidal
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Fig. 5. Plots of the experimental scattering intensity, logI(q) versus the scattering
vector log g: (a) SmCos and (b) SmCos/Fe colloids.

nanoparticles were produced. Particle size and morphological stud-
ies of oleic acid coated SmCos and SmCos/Fe particles have been
studied by TEM and their typical TEM micrographs are shown in
Fig. 4. The representative selected area electron diffraction patterns
(shown as inset of Fig. 4) indicate the formation of nanocrystallites
and can be indexed as SmCos and a-Fe phases. The size of the fine
particles observed with the TEM was in the range of 4-20 nm. The
EDAX analysis also confirms the presence of Sm and Co and Sm, Co
and Fe elements in the milled powders of SmCos and SmCos/Fe,
respectively. It can be seen that the morphology observed with
the TEM is irregular and exhibit plate-like features having one- or
two-side faceted morphology.

The experimental scattering function I(q) obtained for the
SmCos and SmCos/Fe colloidal samples are shown in Fig. 5, which
clearly indicates that the shape of the particles are lamellar, based
on the power law [10]. The higher scattering intensity observed
in the case of SmCos/Fe nanoparticles in comparison to that of
SmCos suggests that the former has larger particle size, which is
in accordance with the TEM observations (Fig. 4). The pair distance
distribution function, p(r) of the particles was obtained from gen-
eralized indirect Fourier transformation of the scattering function:

p(r) = (%nzf\) /qz I(q)cos (qr)dq

where p(r) is the PDDF along a direction perpendicular to the lamel-
lar surface, ris a real space distance (units of nm), q is the scattering

Fig. 4. (a) TEM micrographs of SmCos and (b) SmCos/Fe colloids obtained by surfactant-assisted milling. The insets show the corresponding SAED patterns.
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Fig. 6. Plots of the experimental pair distance distribution function p(r) versus radial
distance r: (a) SmCos and (b) SmCos/Fe colloids.

vector (0-o0), A is the area of lamella and I(q) is the experimental
scattering function.

Fig. 6(a) and (b) shows the p(r) of SmCos and SmCos/Fe colloidal
nanoparticles, respectively and it can be seen that the initial slope of
both the curves are different; this may be due to different lamellar
morphology with different thickness, as well as number of stackings
[14]. A thickness of 1 and 14 nm length was observed for the lamel-
lar morphology of SmCos nanoparticles; while for the SmCos/Fe,
a thickness of 0.5 nm and length of 18 nm was observed. Since the
SAXS results consider a much better statistical average in compar-
ison to that of TEM results, the former exhibit the real size of the
particles. Both the samples exhibit the presence of polydispersity,
which is also in agreement with the TEM results.

The electron density profiles generated using the program
DECON [15], for both the SmCos and SmCos/Fe nanoparticles are
shown in Fig. 7. In the case of SmCos/Fe, the electron density profile
shows that the base width values (D) are slightly higher than that of
SmCos particles. Further, the electron density is not uniform within
the nanoparticles and it increases from centre to surface. In general,
the electron density will be less at the surface due to the presence
of smaller number of atoms [16]. The higher electron density at the
surface observed in the present study can be possibly attributed to
surfactant coating over the particle surface. The presence of Fe in
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Fig. 7. Plots of electron density distribution p(r) versus radial distance r. (a) SmCos
(----)and (b) SmCos/Fe (—) colloids.
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Fig. 8. Room-temperature magnetization loops of surfactant-coated (a) SmCos (-
---) and (b) SmCos/Fe (—) nanoparticles. Magnetic moment is normalized for
maximum saturation value.

the SmCos/Fe sample tends to increase the surface area and reduces
the thickness, as can be seen from both the TEM and SAXS results.
The increase in surface area can be attributed to the ductile nature
of Fe, which is getting more flattened during milling and thereby
resulting in a larger surface area for the SmCos/Fe particles.

The lamellar particles with faceted features mentioned above
could be possibly produced by fracture of the SmCos particles along
some preferred crystalline orientation or anisotropic growth of the
nanoparticles during the milling. This also indicates the presence of
shape-induced anisotropy in the milled powders. The mechanism
of ball milling is fairly complex and does not lend itself easily to
rigorous theoretical analysis due to its dynamic nature [17]. Low
symmetry materials with hexagonal (SmCos, Sm,Co¢7 and Co) and
tetragonal (Nd,Feq4B) crystal structures have a preferred orienta-
tion for fracture due to absence of sufficient number of slip systems
[18]. This forms plate-like morphology, which upon further milling
would result in the formation of faceted nanoparticles. This may
also explain the absence of elongated structures in the SmCos sam-
ples (as in the case of Fe/FeCo, they have bcc structure).

The magnetic properties of surfactant-coated SmCos and
SmCos/Fe nanoparticles using VSM and the results are shown in
Fig. 8. Both the hysteresis loops show single-phase-like magneti-
zation behavior—indicating absence of the second phases. It can
also be seen from Fig. 8 that these nanoparticles exhibit very low
coercivity and remanence values, probably due to the superpara-
magnetic nature. According to Stoner-Wohlfarth theory [19], in a
nanocrystalline hard magnet, wherein the grains are coupled well,
the ratio of remanent magnetization M; to the saturation magneti-
zation Ms (M;/Ms) will be >0.5. For non-interacting uniaxial single
domain particles the remanent magnetic polarization is given by

M; = Ms(cos 6)

where 6 is the angle between the saturation direction and the easy
axes and () denotes an ensemble average. According to the above
equation M;/M;s is 0.5 for an assembly of nanointeracting randomly
oriented particles, whereas M;/Ms is 2/m = 0.637 for microstructures
with in-plane random texture. For our oleic acid coated SmCos and
SmCos/Fe nanoparticles, the M;/M; values are «0.5; which reveals
that these particles are isotropic and non-interacting in nature.

4. Conclusions

Two types of nanostructured materials such as, agglomerates
of SmCos; and SmCos/Fe powders and their constituent col-
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loidal nanoparticles were produced by adopting surfactant-assisted
milling. The particle size in the range of 0.2-1 wm was observed
for the agglomerates; while for the nanoparticles, it was 5-20 nm.
TEM studies revealed a plate-like faceted morphology for the SmCos
phase; while elongated structures for the Fe phase. The SAXS results
obtained in this study are complement with the TEM results, which
suggests that the particles are lamellar with average thickness in
the range 0.5-1.0 nm. Magnetic measurements on these particles
showed superparamagnetic nature with M;/Ms « 0.5.
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