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Abstract

In this study, the potential of multi-walled carbon nanotubes (MCNT) in processing rare-earth-free MnAI(MCNT)/Fe nano-
composite magnets was exploited through adopting a combination of surfactant-assisted milling and resin-bonding tech-
niques. The required hard and soft magnetic phases such as MnAI(MCNT) and a-Fe, respectively, were individually subjected
to surfactant-assisted high-energy ball milling. The surfactant-coated MnAI(MCNT) and Fe nanopowders, thus, obtained
were characterized with respect to their structural and magnetic properties. Relatively, a very high coercivity, H, (4.48 kOe),
was obtained for the surfactant-coated MnAI(MCNT) powders after 6 h of milling, while in the case of Fe powders with high
saturation magnetization, M (218.6 emu/g) was achieved at 3 h of surfactant-assisted milling. The MnAI(MCNT) powders
with high H_ were mixed with the Fe powders of high M, with different weight percentages: 0, 5 and 10. The nanocomposite
powder mixtures were further milled for 1 h and then processed in the form of resin bonded magnets under aligning magnetic
field of 20 kOe. The obtained bonded nanocomposite magnet, i.e. MnAI(MCNT) with 5 wt% of Fe addition demonstrated

a good combination of high M, (63.7 emu/g) and high H, (4.46 kOe).

1 Introduction

In recent years, increasing attention has been paid towards
enhancing the performance of high-energy rare earth (RE)
permanent magnets (PM) through adopting novel and high-
throughput methods [1-3]. Nevertheless, because of limited
availability of RE elements such as Nd, Dy and Sm in the
worldwide scale, it is important to develop new kind of PM
materials free from RE elements. In this context, the pro-
cessing of RE-free PMs has gained widespread attention
towards sustainable energy [4—6]. Among the various RE-
free PMs, the magnetic performance of MnAl-based alloys
lies in between the RE magnets and AINiCo. More particu-
larly, the MnAl alloy system with ferromagnetic (FM) L1,
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phase (P4/mmm, AuCu I type, known as t-phase) exhibits
maximum magnetic energy density product per unit mass,
relative to the conventional PMs [7, 8]. However, a criti-
cal process concern is that the t-phase of Mn—Al alloy is
metastable and hence a small addition of carbon (2-3 at.%)
is often preferred for stabilization of T-phase [9]. Other than
the carbon addition, the t-phase stabilization in Mn—Al alloy
has also been attempted with the other doping elements such
as boron, copper and zirconium [10, 11].

Until now, many investigations have been made to process
the Mn—Al- and/or Mn—Al-C-based alloys using ball mill-
ing and melt spinning techniques in the form of nanopow-
ders and ribbons, respectively, with isotropic characteristics
[9-13]; however, the obtained coercivity (H,) and satura-
tion magnetization (M) values are not comparable with their
theoretical limits [14]. Any enhancement in these magnetic
parameters could be possible by adopting new processing
strategies and doping elements for the Mn—Al alloys. In this
context, we, herein, propose (i) to replace the conventional
doping element (carbon) with multi-walled carbon nano-
tubes (MCNT) while melting the Mn—Al alloy and (ii) to
implement the concept of exchange-coupled nanocomposite
magnets for the MCNT-modified Mn—Al alloy. Of course,
the following characteristics of MCNTSs make them as a val-
uable elemental addition for the Mn—Al alloy system. The
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MCNTSs not only exhibit properties quite similar to that of
metals, but also are well-known for their strong encapsula-
tion and application as nanoscaled magnetic objects during
the processing of metal-matrix composites [15, 16]. In par-
ticular, when compared to the other forms of carbon nano-
materials, MCNTs exhibit distinct FM properties. Besides,
the addition of MCNTs can impede the motion of domain
walls during the magnetization reversal and thereby enhance
the H, of parent Mn—Al alloy [17].

In general, for producing the exchange-coupled nanocom-
posite magnets, hard magnetic phases such as Nd,Fe,,B and
SmCoys type of RE magnetic material and a soft magnetic
phase of Co or a-Fe are more often preferred [18, 19]. In this
study, to process the MnAI(MCNT) hard magnetic phase
in the form of exchange-coupled nanocomposite magnet,
a-Fe was chosen as a soft magnetic phase. This is because,
a-Fe exhibits large magnetic moment and is abundant and
relatively cheap when compared to the other FM elements
such as Ni and Co. As far as the synthesis strategies are
concerned for the exchange-coupled nanocomposite mag-
nets, soft-chemical methods [19], electroless coating [20]
and surfactant-assisted milling [21] were found to be more
promising. The grain size values achieved in these methods
were relatively smaller as compared to the conventional mill-
ing, and thereby, a strong exchange-coupling between the
hard and soft magnetic phases can be established.

For our hard (MnAI(MCNT))/soft (a-Fe) magnetic nano-
composites, the surfactant-assisted ball milling has been
adopted, as this technique is capable of producing nanocrys-
talline flakes in large quantities [22, 23]. The MnAI(MCNT)/
Fe composite flakes, thus, obtained were consolidated in the
form of bulk magnets using resin-bonding technique under
aligning magnetic field. The resultant bonded composite
magnets demonstrated a good combination of both hard
and soft magnetic properties such as high H, and high M|,
respectively, with crystallographically anisotropic character-
istics. The MnAI(MCNT)/Fe bonded magnets such as those
processed in this study possess many advantages over the
conventional sintered magnets, such as low cost and excel-
lent availability of Mn, Al and Fe materials, good machina-
bility, excellent corrosion resistance and weight reduction.
These properties make them as a potential candidate for
various technological applications, such as power electron-
ics, motors, magnetic rollers for copier and laser printer and
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magnetic rings for aerodynamic component and automotive
parts.

2 Materials and methods

Mn55A144(MCNT) alloy was arc-melted using high-purity
(>99.5%) constituent metal elements such as Mn and Al and
MCNT powders in appropriate amounts under argon atmos-
phere. Since the vapour pressure of Mn is high, it under-
goes some amount of evaporation losses during arc melt-
ing. To estimate this loss, a few trail melting experiments
were conducted for the Mn54A146 alloy and the deviation
in the initial and final composition was estimated. Based on
the composition deviation, excess amount of Mn (~2 wt%)
was added with respect to the actual Mn content. By this
means, the required composition was attained in the MnAl
alloy ingots. MCNTs having diameters varying from 15 to
40 nm and lengths of several tens of microns were used.
More details on the structural and magnetic properties of
MCNTs can be found elsewhere [17]. Further, it should be
noted that the best magnetic properties for the MnAl alloy
were obtained for a carbon content just above the solubility
of carbon atoms (slightly above 1 at.%) [14]. For similar
reasons, the amount of MCNT was preferred as 1 at.%. The
arc-melted MnAI(MCNT) alloy was crushed and sewed to
obtain powder particles <300 pm and then they were sub-
jected to high-energy milling using a planetary ball mill
(FRITSCH pulverisette). Both milling vials and balls were
made up of tungsten carbide and a milling speed of 200 rpm
was maintained. For a planetary type of high-energy ball
milling, a ball to crushed powder ratio of 10:1 is most com-
monly used in order to have significant grain refinement
[24]; accordingly, this ratio was chosen in this study. A
mixture containing 1:1 ratio of oleic acid and oleylamine
was used as surfactant along with the solvent: n-heptane.
The amount of surfactant was about 10 wt. % of the crushed
powder dispersed in the solvent and this amount is good
enough to produce nanocrystalline flakes [25]. As similar
to the processing of hard magnetic phase, MnAI(MCNT),
the soft magnetic phase, i.e. a-Fe powders, was individu-
ally processed via surfactant-assisted milling. The elemental
composition and grain morphology of the alloy ingots and
their milled counterpart powders were performed by energy
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dispersive X-ray (EDX) analysis attached with a scanning
electron microscope (SEM, Leo 440i). Powder X-ray diffrac-
tion (XRD) measurements were carried out using a Rigaku
Smartlab Multipurpose diffractometer system with Co-K,
radiation. The magnetic properties were evaluated at room
temperature using a vibrating sample magnetometer (VSM)
up to a maximum field of 20 kOe (2 T).

3 Results and discussion
The cross-sectional microstructure of MnAI(MCNT) alloy

ingot is depicted in Fig. 1a, which reveals a two-phase micro-
structure. The line scan profile (marked in Fig. 1a) indicates

(a)

< >
20 pm
~
(c)
2
c
=
£
N B
N T
=
) C
<
[¢]
whd
£
1 I 1 I 1 I 1
30 40 50 60 70

20 (degree)

Fig. 1 Back-scattered SEM micrograph showing two-phase mor-
phology for the as-cast MnAI(MCNT) alloy with the solid line
marks in the region for EDS line scan (a) and its corresponding EDS
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that the concentration of Mn drastically decreases over a
distance of 30 nm on each side of the interface between the
two distinct phases (Fig. 1b). The two phases were identi-
fied as T-MnAl and -Mn (Mn-rich) from the XRD analysis
(Fig. 1c). The estimated elemental composition was in close
agreement against the starting Mn55A144(MCNT) compo-
sition with an error contribution of +3.2%. The magnetic
parameters such as H_ (900 Oe) and M, (63.5 emu/g) val-
ues for the as-cast MnAI(MCNT) alloy were determined
from the magnetic hysteresis loop (Fig. 1d) and these val-
ues apparently confirm the typical characteristics of a hard
magnetic phase.

In Fig. 2, we show the SEM micrographs of 6 h milled
MnAI(MCNT) powders without and with surfactant.
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profile (b). Typical XRD pattern (c) and M—H curve of the as-cast
MnAI(MCNT) alloy ingot (d)
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Fig.2 SEM micrographs of crushed MnAI(MCNT) alloy ingots (a)
and after being subjected to 6 h of milling without (b) and with sur-
factant (c¢)

The powders milled without surfactant revealed irregu-
lar morphology with a particle size distribution varying
from 1 to 32 pm, whereas the powders processed with the
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surfactant-assisted milling showed the presence of fine
particles with sizes ranging from 1 to 14 pm. Apart from
the reduction in particle size, it is interesting to note that
flake-like structures were obtained for the surfactant-coated
MnAI(MCNT) powders (Fig. 2b). The possible mechanism
for the evolution of such morphology during surfactant-
assisted milling has been previously elucidated by Cui et al.
and Saravanan et al. in the case of SmCos [22] and Mn-Al
[23] alloy systems, respectively. According to them, the
irregular particles formed during milling fail by cleavage
along the easy glide basal plane without an appreciable
increase in the density of crystal defects. This is followed by
continuation of cleavage along the parallel basal planes via
layer-by-layer splitting to form nanocrystalline flakes. The
surfactant adsorbed by the fresh surface of flakes prevents
their cold welding and hence their agglomeration. For the
6 h milled surfactant-coated MnAI(MCNT) powders, the
thickness and lengths of flakes were estimated in the range of
30-3000 nm and 1-75 pm, respectively, with aspect ratios as
high as 10? to 10°. The XRD patterns for the MnAI(MCNT)
powders processed without and with surfactant are presented
in Fig. 3a and b, respectively. The XRD patterns are almost
similar and the evolution of - and p-phases with some
traces of carbon are evident in both cases. For the powders
milled without surfactant, the intensity of t-phase is found
to be decreased with increase of milling time. In contrast, the
intensities of both t- and B-phases are preserved in the case
of surfactant-coated MnAI(MCNT) powders.

The magnetic hysteresis loops for the milled
MnAI(MCNT) powders without and with surfactant are
shown in Fig. 4a and b, respectively. The shapes of the
M-H curves are entirely different in both cases. For the
MnAI(MCNT) powders processed without surfactant, a sig-
nificant drop in the M, value from 63.5 (0 h) to 20.5 emu/g
(6 h) can be noticed, whereas in the case of surfactant-coated
powders, the reduction in M, values are minimal (from 63.5
to 54.7 emu/g). A plausible reason for the decreased M, val-
ues can be attributed to the reduction in t-phase content and/
or site disorder induced by the high-energy milling process
[26]. This effect seems to be more pronounced in the case
of powders processed without surfactant (Fig. 3a) and hence
they showed a large reduction in the M, value after 6 h of
milling. In contrast, the estimated H, values established an
increasing trend against the milling time in both cases and
this trend can be explained by the dependence of coercivity
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Fig.3 X-ray diffraction patterns
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Fig.4 Magnetic hysteresis curves for the MnAI(MCNT) powders obtained at different milling intervals without (a) and with surfactant (b). The
corresponding enlarged views are provided on the right side
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Fig.5 XRD patterns of
MnAI(MCNT) resin bonded
magnets processed under align-
ing magnetic field. Powders
milled without (a) and with
surfactant (b). The intensity of
(0 0 2) diffraction peak is the
measure of texture or the c-axis
alignment of t-phase

Il plane T I plane

(002)

Intensity (arb. units)

on the grain size [27, 28]. Maximum H_ values of 3.24 and
4.46 kOe were obtained for the 6 h milled MnAI(MCNT)
powders processed without and with surfactant, respectively.

The anisotropy characteristics of 6 h milled
MnAI(MCNT) powders were studied by processing them
into polymer bonded magnets. While curing the polymer
(epoxy), a homogenous magnetic field of 2 T was applied
in order to induce grain orientation. The XRD patterns of
the aligned MnAI(MCNT) magnets processed from the bare
and surfactant-coated powders are shown in Fig. 5a and b,
respectively. In the case of bonded magnets processed from
the bare MnAI(MCNT) powders, the intensities of the char-
acteristic peaks are found to be almost the same in the direc-
tions parallel and perpendicular to the alignment (Fig. 5a),
whereas the bonded magnets made out of the surfactant-
coated powders showed intense peaks for the characteristic
T-phase, with a distinct parallel and perpendicular plane
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texture (Fig. 5b). In the case of L1, Mn—Al, the intensity of
(0 0 2) peak can be considered as a measure of c-axis align-
ment (texture) and the degree of texturing for this peak [29],
i.e. in terms of texture coefficient was calculated as 1.26 in
the perpendicular plane. This apparently indicates the evolu-
tion of possible texture for the T-phase during epoxy curing.

The surface morphologies of starting Fe powders and
their milled counterparts without and with surfactant are
depicted in Fig. 6. It can be noticed that upon milling, the
spherical morphology of starting powders (Fig. 6a) is found
to be transformed into platelet shapes in both cases (Fig. 6b
and c) and this is mainly attributed to the ductile nature of
Fe [30, 31]. In the case of surfactant-coated Fe powders,
the thickness of platelet appears to be relatively low. The
measured M—H loops for the milled Fe powders without
and with surfactant are shown in Fig. 7a and b, respectively.
The estimated M, values demonstrated an increasing trend at
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Fig.6 SEM micrographs of starting Fe powders (a) and after being
subjected to 6 h of milling without (b) and with surfactant (c)

early milling hours, followed by a decreasing trend at larger
milling duration. For the surfactant-coated Fe powders, the
M value attained a maximum (218.6 emu/g) at early mill-
ing hours (3 h), whereas in the case of bare Fe powders, a
maximum M, value of 213.3 emu/g was obtained at 5 h of
milling.

For the processing of MnAI(MCNT)/Fe bonded mag-
nets, the surfactant-coated powders that possess high H_ (6
h milled MnAI(MCNT)) and high M, (3 h milled Fe) were
considered. In the case of uncoated powders, 5 h milled
Fe was chosen, as they showed a high M value. The addi-
tion of soft phase (Fe) was maintained as 5 and 10 wt%
with respect to the hard phase content: MnAI(MCNT).
The nanocomposite powder mixture, thus, obtained was
mixed thoroughly and then subjected to milling for 1 h
for attaining homogeneity. Prior to the epoxy bonding,
the elemental composition of the milled nanocomposite
powders was studied using EDX analysis and the obtained
results are given in Table 1. The magnetic hysteresis loops
for the MnAI(MCNT) + x wt% Fe (x=0, 5 and 10) bonded
nanocomposite magnets are shown in Fig. 8. The bonded
magnets processsed with the uncoated MnAI(MCNT)/
Fe powders showed no significant improvement in their
magnetic properties; rather they exhibited the effect of
decoupling upon adding the Fe phase (Fig. 8a). On the
contrary, the bulk magnets obtained from the surfactant-
coated MnAI(MCNT)/Fe powders revealed smooth hyster-
esis loops. The measured M, value is found to be increased
from 55.8 to 74.4 emu/g upon adding 10 wt% Fe, while
the H, value has decreased from 4.5 to 3.6 kOe. With the
addition of 5 wt% Fe, the H_ values are almost retained
with respect to that of those obtained for the 6 h milled
MnAI(MCNT) powders, while the M, value has increased
to 63.7 emu/g. This sort of behaviour apparently suggests
the existence of strong exchange-coupling between the
MnAI(MCNT) and Fe magnetic phases. The M, and H,
values such as those obtained for the bulk nanocomposite
magnets are relatively higher when compared to the previ-
ously reported values [32].
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Fig.7 Magnetic hysteresis curves for the Fe powders obtained at different milling intervals without (a) and with surfactant (b). The correspond-

ing enlarged views are provided on the right side

Table 1 Elemental composition

Elemental composition (wt%)

Milled without surfactant

Milled with surfactant

. Samples
of the 6 h milled MnAI(MCNT)
alloy and their nanocomposite
derivatives
MnAIMCNT)

MnAI(MCNT) +5 wt% Fe

MnAI(MCNT) + 10 wt% Fe

Mn: 53.82; Al:45.29; C: 0.89
Mn: 51.13; Al:43.15; C: 0.85
Fe: 4.87
Mn: 48.62; Al:40.71; C: 0.82
Fe: 9.85

Mn: 53.99; Al:45.08; C: 0.93
Mn: 51.36; Al: 42.94; C: 0.89
Fe: 4.81
Mn: 48.81; Al:40.54; C: 0.86
Fe: 9.79

4 Conclusion

The processing of RE-free nanocomposite magnets such as
MnAI(MCNT)/Fe was successfully accomplished by tak-
ing the advantages of Mn55A144(MCNT) and o-Fe as the
hard and soft magnetic phases, respectively. High-energy
milling (without and with surfactant) was employed to
process the MnAI(MCNT) and Fe magnetic phases into
fine powders and these powders were consolidated into
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bulk nanocomposite magnets using the resin-bonding
process. The MnAI(MCNT) + 5 wt% Fe bonded nano-
composite magnets processed with the surfactant-coated
powders, exhibited a significant improvement in the mag-
netic parameters such as M, and H,. The process strategies
such as those adopted in this study provide a pathway for
RE-free nanocomposite magnets using MnAI(MCNT) as
a hard magnetic phase.



Journal of Materials Science: Materials in Electronics

M (emul/g)

—0—0 wt.% Fe
—O0—5 wt.% Fe
——10 wt.% Fe

——0 wt.% Fe
—o0—5 wt.% Fe
——10 wt.% Fe 1-45

80
| (b) 45
60
40 30
O I —_
S 20 118 g’
g o0 ° &
S 20 1158
-40 —0—0 wt.% Fe -30
—o—5 wt.% Fe o—0 wt.% Fe
-60 A—10 wt.% Fe —0—5 wt.% Fe
—2—10 wt.% Fe |-45
-80 1 L 1 1 1 1 1 1 1 1 L 1 1 1

10 15 20

Fig.8 Magnetic hysteresis curves for the MnAI(MMCNT)+Fe (x
wt%) nanocomposite magnets processed with the uncoated (a)
and surfactant-coated powders (b). The corresponding enlarged
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