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We herein exploit the advantages of surfactant assisted-high energy ball milling (SA-HEBM) for the processing of Mn-Al
alloy. In this method, a combination of two surfactants such as oleic acid and oleylamine was used along with a solvent nheptane during milling. The use of SA-HEBM process yielded two different products: a sediment powder consisting of submicron sized Mn-Al flakes and a suspension in the milling medium (colloid) containing Mn-Al nanoparticles. The colloid
consisted of Mn-Al nanocrystalline particles (5 –16 nm) having lamellar morphology with average thickness of 1.5 nm and
length of 16 nm. Magnetic measurements on these colloidal nanoparticles demonstrated almost a non-magnetic behavior
at 300 K. The Mn-Al sediment powders obtained with the SA-HEBM process at regular intervals of milling time were
investigated for their structural and magnetic performance and also compared with the corresponding powders obtained
from the conventional HEBM process. The phase composition of Mn-Al powders processed by both HEBM and SA-HEBM is
quite similar and they adhere to the phase constituents of parent alloy: τ-, β-phases with some traces of ε-phase.
Nevertheless, the estimated magnetic parameters such as saturation magnetization and coercivity for the SA-HEBM
powders exhibited improved values, as compared to the HEBM powders. A maximum coercivity of 4.88 kOe was obtained
for the 8-h milled SA-HEBM powder and this value is 23 % higher than that of HEBM processed powder. The results were
explained based on the effect of surfactants on the morphology of the milled powder.

1. Introduction
In recent years, increasing global attention has been directed
towards the development of rare earth (RE) free permanent
magnetic (PM) materials. This is mainly driven by the increasing
cost and decreasing reserves of RE resources as well as the near
monopolistic control of these resources by China.1-4 Among RE-free
PMs, near-equiatomic Mn-Al and structurally stabilized Mn-Al-C
alloys have shown the most promise because of their superior
magnetic properties as compared to the conventional hard ferrites,
Alnicos and Fe-Cr-Co alloys.5-8 The superior ferromagnetic
properties in Mn-Al alloys are attributed to the τ-phase, which has a
composition range of 42-49 at. % Al. The τ-MnAl is an intermetallic
phase with a face centred tetragonal structure (L10) wherein the
Mn atoms occupy the (0, 0, 0) and (1/2, 1/2, 0) sites while the Al
atoms occupy the (0, 1/2, 1/2) sites. For slightly Mn rich
compositions, not all the Mn atoms can occupy the (0, 0, 0) and
(1/2, 1/2, 0) sites and the excess Mn atoms are accommodated on

the (0, 1/2, 1/2) sites wherein they share with the Al atoms. This
deviation from the ideal site occupancy results in an
antiferromagnetic coupling between the Mn atoms occupying these
9
different sites and causes an enhancement in the magnetization.
The τ-Mn-Al phase exhibits interesting hard magnetic properties,
viz., coercivity (Hc) of 1.5–4.0 kOe, saturation magnetization (Ms) of
88‒98 emu/g, Curie temperature (Tc) of 650 K and maximum energy
product values of 2–7 MGOe [9, 10]. However, in the Mn-Al phase
diagram, the τ-MnAl is formed in the two-phase region of γ2 and βMn and hence, it is very difficult experimentally to obtain 100% τ11
MnAl phase in near equiatomic Mn-Al alloys. The commonly
adopted strategy for obtaining ∼ 100% τ-phase in near equiatomic
Mn-Al alloys is by rapid quenching of the high-temperature nonmagnetic ε-phase followed by isothermal annealing at
temperatures between 673 and 973 K for short duration, or by
cooling at a rate of 10 K/min from the high-temperature ε-phase
12-14
region.
Carbon-doped MnAl has been found to be structurally
more stable and to show improved magnetic and mechanical
13-17
properties, although it has a lower Tc than the undoped alloys.
Over the past several years, extensive efforts have been made
on the fabrication of τ-MnAl alloys by adopting non-equilibrium
15,16
17
processing techniques such as melt spinning,
splat quenching,
18
19
gas atomization,
plasma arc discharge
and mechanical
10,11
milling.
Among all these techniques, mechanical milling is the
most popular. This is because; this method is relatively simple,
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inexpensive and efficient in producing Mn-Al nanocrystalline
powders in bulk amount. A brief summary of the magnetic
properties achieved via mechanical milling of Mn-Al and Mn-Al-C
10,11,15,16,20-29
alloys is presented in Table 1.
Despite the fact that
mechanical milling has been widely employed in the processing of
Mn-Al alloys, the realization of maximum achievable hard magnetic
properties (close to the theoretical limits) in the bulk form of Mn–Al
magnets still poses several challenges. This is mainly because of the
issues such as polydispersity, particle contamination,
agglomeration, oxidation and reduced anisotropy encountered in
the conventional milling process. A method increasingly being
adopted to improve the performance of mechanically milled
magnetic powders in other systems is by adding surfactants during
the milling process. In fact, in the recent past, the use of surfactants
during high-energy ball milling (HEBM) has become commonplace
30-38
and is referred to as surfactant assisted-HEBM.
The use of
surfactants during milling provides a capping layer on the freshly
cleaved surface of the particles, which reduces the cold-welding
between the particles. As a result, fine particles with narrow size
distribution and shape homogeneity are produced by the SA-HEBM
33-36
In addition, it has been demonstrated that by choosing
process.
appropriate powder/surfactant ratio, interesting structure
/morphology and magnetic properties can be achieved in the milled
powders. One such feature is ‘flaking’, which is observed not only in
the case of malleable metals and alloys, viz., Fe, Co, Ni, Cu, Fe–Co,
39-42
Fe–Co–Zr, Fe–Si–Al and Sn–Ag–Cu;
but also in inherently brittle
materials such as RE intermetallic compounds: Nd-Fe-B, SmCo5, Tb30-38
Dy-Fe, PrCo5, CeCo5 and NdCo5.
The nanoflakes produced by the
SA-HEBM process, tend to show excellent texture, anisotropy and
magnetic properties and these properties are highly beneficial for
30-38,43
fabricating anisotropic PMs.
However, to the best of our
knowledge, so far no detailed investigation has been carried out on
the processing of Mn-Al powders using SA-HEBM technique. These
studies are especially necessary and important for realizing the full
potential of Mn-Al alloys as high performance RE-free PMs.
In light of the above, the objective of this study was to
systematically investigate the effect of SA-HEBM process on the
structure, microstructure, morphology and magnetic behaviour of
the Mn54Al46 alloy using a combination of two surfactants such as
oleic acid and oleylamine.

while the total amount of surfactant used was ~ 10 – 12 wt. % of
the starting powder. The milling was carried out at a constant speed
of 200 rpm with ball to powder ratio of 10:1 (in terms of weight)
and the milling time was varied from 2 to 10 h. In order to
understand the actual role of surfactants on the structural and
magnetic properties of Mn-Al alloy, HEBM was also carried out in
the absence of surfactants with the other milling parameters
unaltered. For the samples milled without surfactant, the colour of
the solvent (heptane) did not change and the milled ingredients
sedimented at the bottom of the milling vial. In contrast, the use of
surfactants (OA+OY) during milling resulted in a ultrafine particle
suspension (referred to as colloid) along with coarse particles
(referred to as powder) sedimented at the bottom of the milling vial
(Fig. 1). The presence of surfactant is thus able to separate out the
extremely fine-size particles from the sediment.
Small angle X-ray scattering (SAXS) measurements for the MnAl colloidal samples were carried out in a transmission geometry
using Cu-Kα radiation (λ = 0.154 nm) from a sealed long fine focus Xray tube powered by a high-voltage X-ray generator PW3830
operated at 40 kV and 50 mA. The acquired scattering data were
used to calculate the size, shape and distribution of the Mn-Al
particles in the colloid. Data were obtained in the form of scattered
X-ray intensity ‘I’ as a function of the scattering vector, q = (4π/λ)
sinθ [1/nm], where θ is the scattering angle and λ is the wavelength
of the radiation.44 The data analysis was performed using GIFT
software. Morphology of the Mn-Al colloid and the sedimented
powders were also characterized using a transmission electron
microscopy (TEM) equipped with energy dispersive X-ray
spectroscopic analysis (EDS) facility. For the colloid, TEM specimens
were prepared by placing a drop of colloid on a Formvar carboncoated copper TEM grid, which was then kept overnight in a
dessicator for drying; while for the sediment powders, TEM
specimens were prepared by dimpling and ion milling in Gatan
make Dual Ion Mill (Model 600) at 5 kV. The evolution of powder
morphology and the identification of phases formed in the
sediment powders were studied using scanning electron
microscopy (SEM, Leo 440i) and X-ray diffraction (Philips, Cu-Kα
radiation), respectively. Thermo-gravimetric (TG) studies were
performed by differential scanning calorimetry (DSC, LABSYS EVO,
SETARAM Instrumentation, Caluire, France) at a temperature ramp
rate of 15 K/min up to 1273 K under nitrogen atmosphere.
Magnetic properties of the colloid, as well as powder samples were
evaluated using a superconducting quantum interference device
(SQUID)−vibrating sample magnetometer (VSM) up to a maximum
field of 70 kOe (7 T).

2. Experimental
Mn56Al44 alloy was arc-melted using high purity (>99.5%)
constituent elements Mn and Al in appropriate amounts under
argon atmosphere and the melting was repeated at least three
times to attain compositional homogeneity. An excess amount of
Mn (2 wt. %) was added to compensate for the evaporation losses
that occur during melting. The compositional analysis of Mn-Al alloy
ingots was performed using chemical analysis as well as energy
dispersive spectroscopy (EDS) in a scanning electron microscope
(SEM). Prior to the milling process, the alloy ingots were crushed
down to a particle size of < 300 μm. High energy ball milling was
performed in a planetary ball mill (FRITSCH pulverisette) using
tungsten carbide milling vial and balls. In the milling process, nheptane (99.8 % purity) was used as a solvent, while 99 % purity
oleic acid (OA) and oleylamine (OY) were used as surfactants. A
ratio close to 1:1 (in wt. %) was maintained for the two surfactants,

3. Results and discussion
3.1 Microstructure and magnetic properties of as-cast Mn-Al alloy
The microstructure and composition of the Mn-Al alloy ingot
obtained by arc-melting is presented in Figs. 2a and b, respectively.
Predominantly a two-phase microstructure is observed in the Mn-Al
alloy ingot and the EDS line scan profile indicates that the Mn
concentration drastically decreases at a distance of 20 nm on each
side of the interface between the two phases. The two phases were
identified as τ-MnAl and β-Mn (Mn-rich) phases from the XRD
pattern of the as-cast alloy (Fig. 3a). The XRD pattern also showed
the presence of γ2 and ε-phases but their volume fractions are not
significant. Based on the relative intensities of the main peaks
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present in the as-cast alloy ingot, the relative phase contents are
estimated to be 68, 23 and 9 at.% for τ- and β- and other phases,
respectively. In Fig. 3b, we show the cumulative EDS analysis of the
Mn-Al alloy revealing the presence of only Mn and Al, with no other
impurities. The estimated elemental composition was also in close
agreement with the targeted Mn54Al46 composition and this was
further confirmed by chemical analysis.
Prior to subjecting the as-cast Mn-Al alloy ingot for milling, it is
important to know its magnetic parameters such as Ms, Hc and Tc.
The magnetic hysteresis loop obtained at room temperature (RT)
for the as-cast Mn-Al alloy is shown in Fig. 4a. It can be noticed that
the M−H curve is not saturated even at 40 kOe (4 T). This could be
probably due to the presence of two components: a ferromagnetic
τ-phase contributing magnetic saturation and other paramagnetic
or antiferromagnetic phases such as β, γ2 and ε-phases giving a
linear contribution at high field. Such a conclusion is drawn based
on the phase composition ascertained by XRD (Fig. 3a). From the
M-H loop, Ms,4T of 67 emu/g and Hc of 1.28 kOe were estimated.
Since the τ-phase is the only known ferromagnetic phase in the MnAl alloy system, the Ms of the alloy should be proportional to the
amount of τ-phase present in the alloy. Thus the weight fraction of
τ-phase in the Mn-Al alloy can be estimated from the measured Ms
value. A simple calculation (based on rule of mixtures) assuming Ms
10,45
value of 92 emu/g for τ-Mn-Al
suggests that the obtained Ms
value corresponds to ~ 72 wt. % of τ-phase in the as-cast Mn-Al
alloy and this value is in agreement with the phase composition
estimated by XRD. The thermo-magnetic (M−T) measurements for
the as-cast Mn-Al alloys were performed using a high-temperature
vibrating sample magnetometer under an applied field of 200 Oe
and the results are plotted in Fig. 4b. It can be seen that the M-T
curve shows a sharp transition temperature at ∼ 638 K. This value is
slightly less than the Tc value (655 K), experimentally obtained by
12
Zeng et al. for the τ-phase. The lower Tc value obtained in the
present study can be attributed to the presence of other non16,46
magnetic phases in the as-cast alloy.
3.2 Morphology and magnetic properties of SA-HEBM processed
Mn-Al colloid
The structural and magnetic properties of the colloid from the
8-h SA-HEBM processed samples were studied in detail. This is
because the colloid produced after 8-h of milling had a high particle
density, as discerned by the colour of the colloid (black). The TEM
micrograph of Mn-Al colloids produced by the SA-HEBM process
after 8-h of milling is shown in Fig. 5a. A highly irregular morphology
with particle sizes ranging from 5 to 16 nm is observed. The EDS
analysis confirmed the presence of Mn and Al in these fine particles
and the selected area electron diffraction (SAED) pattern for one of
the particles shown in Fig. 5b reveals the crystalline nature for the
Mn-Al nanoparticles.
The TEM observations on the morphology and size of Mn-Al
nanoparticles created during the SA-HEBM process are further
corroborated by the results of SAXS. In fact the SAXS results are
much more representative than the TEM results as a significantly
larger number of particles are sampled. In the present study, SAXS
technique was applied to investigate the size, shape and
distribution of Mn-Al nanoparticles from the scattering data by
means of the well-established ‘indirect Fourier transformation’
method followed by the numerical deconvolution of the pair

46

distance distribution function (PDDF). The experimental scattering
function I(q) versus scattering vector (log (q)) obtained for the MnAl colloidal sample is shown in Fig. 6a. A Power law can be easily fit
to this variation which clearly indicates that the shape of the
47
particles is mostly lamellar. The pair distance distribution function,
p(r), of the particles was obtained from the generalized indirect
2
Fourier transformation of the scattering function: p(r) = (1/2π A)
2
∫q I(q) cos(qr) dq, where p(r) is the PDDF along a direction
perpendicular to the lamellar surface, r is a real space distance
(units of nm), q is the scattering vector (0 − ∞), A is the area of
lamella and I(q) is the experimental scattering function. The p(r)
curve of Mn-Al colloidal sample shown in Fig. 6b confirms that the
Mn-Al nanoparticles are mostly lamellar. A thickness of about 1.5
nm and a length of 16 nm were estimated for the Mn-Al
nanoparticles. The plasticity of inherently brittle materials is known
to increase dramatically in the nanocrystalline regime because of
activation of deformation mechanisms such as grain boundary
48,49
sliding
and this can explain the formation of lamellar particles.
The magnetic properties of SA-HEBM processed Mn-Al
nanoparticles were investigated by SQUID-VSM. Fig. 7 shows the
applied magnetic-field dependence of the magnetization values
measured at two temperatures viz., 300 and 5 K. The magnetization
values do not saturate even at 70 kOe at both the temperatures. At
5 K, a linear curve corresponding to a typical paramagnetic
behaviour is evidenced. In contrast, a distinct hysteresis curve with
a superposition of super-parmagnetic and paramagnetic
components can be discerned. This unusual behavior is probably
due to the two phases present in the Mn-Al colloids: (i) a τ-MnAl
phase with particle sizes lower than the critical size
(superparamagnetic) and (ii) a β-Mn phase with paramagnetic
50,51
nature.
However, a more detailed study on the Mn-Al colloidal
samples is essential to ascertain the above fact.
3.3 Structural and magnetic properties of sedimented Mn-Al
powders processed by HEBM and SA-HEBM
The actual surfactant content present in the SA-HEBM Mn-Al
powder and the phase changes that occur during the thermal
treatment were investigated by TG/DSC. The TG curve for 8-h milled
SA-HEBM Mn-Al powders showed a two-step weight-decline
pattern with inflections at ∼ 658 and ∼ 741 K (Fig. 8) which
correspond to the degradation of surfactants: OA and OY,
respectively. A weight loss of ~ 17 % was estimated which suggests
that SA-HEBM processed powders contain about 17 wt.%
surfactants after 8-h of milling.
A typical SEM micrograph of as-cast Mn-Al alloy after crushing
is shown in Fig. 9. It can be seen that the crushed powder shows
angular and irregular shape particles with sizes in the range of 1 - 40
μm. The evolution of particle morphology and size as a function of
milling time for the Mn-Al powders processed without and with
OA+OY is depicted in Fig. 10. In the case of Mn-Al powders without
OA+OY, a distinct transformation from irregular/angular shape of
the starting Mn-Al powder into small aggregates can be noticed
with progressive milling (Figs. 10a-d). Two opposite mechanisms are
31
operative in a HEBM process. On one hand, the particles break as
a result of the internal strain created by the high pressure exerted
on the particles because of the intensive milling action. On the
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other hand, the finely divided particles tend to agglomerate to
37
minimize their surface energy. The HEBM process proceeds by the
successive crushing and coalescence of the particles leading to
equiaxed and homogenous particles whose size depends on the
nature of the powder and milling conditions. In contrast, the SAHEBM processed Mn-Al powder shows the gradual development of
flake-like morphology with increasing milling time (Figs. 10e-h). In
fact, the majority of the particles in the SA-HEBM Mn-Al powder
exhibit flaky morphology, within the 4-h of milling (Fig. 10f). The
mechanism of flake formation during surfactant assisted milling has
31
30
been proposed by Cui et al. in both SmCo5 and Nd2Fe14B.
According to them, the irregular particles formed during crushing
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 parallel basal planes via
layer-by-layer peeling or splitting to form sub-micron thick flakes.
The presence of OA+OY during milling causes these flakes to be
coated by the surfactant which prevents their cold welding and
hence their agglomeration, resulting in flake-like morphology. A
similar mechanism is operative in Mn-Al alloy, as evidenced by the
SEM micrograph of 2-h SA-HEBM powder (Fig. 11). The dimensions
of the Mn-Al flakes were estimated as a function of milling time
using the SEM micrographs and the results are summarized in Table
2. The thickness of flakes is in the range of 50 – 3000 nm while their
length varies from 1–90 µm. Upon increasing the milling time, the
flakes become increasingly thinner and longer. Flakes with aspect
2
3
ratio as high as 10 to 10 are observed in the case of 8 h milled SAHEBM powder.
Representative TEM microstructure of a Mn-Al flake processed
by SA-HEBM for 8 h and the corresponding SAED pattern are shown
in Figs. 12a and b, respectively. These figures reveal the coexistence of multiple grains with two distinct phases: τ-MnAl
(tetragonal structure, JCPDS card No.40-1150) and β-Mn (complex
cubic structure, JCPDS 03-1177). The estimated average grain size
values for the 8-h SA-HEBM processed Mn-Al flakes are in the range
of 13–20 nm. These grain size values are consistent with the grain
sizes calculated from the XRD patterns using the Scherrer’s formula.
The grain size values for different milling times with and without
OA+OY are given in Table 2. In both the cases, the calculated grainsize values are found to decrease with increase of milling time from
0 to 8 h. However, for the powders milled without OA+OY, the grain
size values are found to decrease only up to 6-h of milling and
beyond that there is no significant change in the grain size values. It
can also be observed from Table 2 that the estimated grain size
values for the SA-HEBM Mn-Al powder at similar milling intervals
are slightly lower than those obtained for the HEBM Mn-Al powder.
The XRD patterns for the Mn-Al powders processed without and
with OA+OY, as a function of milling time are shown in Figs. 13a and
b, respectively. The XRD patterns are almost similar and in both
cases, the presence of τ- and β-phases with some traces of ε-phase
are evident, similar to the parent alloy ingot. In addition, the
intensity of τ-phase tends to decrease with increase of milling time,
which can be ascribed to the grain-size reduction induced by the
HEBM process (Table 2).
The magnetic hysteresis curves of the HEBM and SA-HEBM
Mn-Al powders are shown in Figs. 14a and b, respectively. The
hysteresis loops of both powder samples demonstrate typical hard

magnetic characteristics with smooth and single-phase
magnetization behaviour. With increase in milling duration, the
hysteresis loops of HEBM Mn-Al powder tend to show a small kink
nd
in the 2 quadrant (indicated by an arrow in Fig. 14a). This can be
52,53
attributed to the lack of inter-grain exchange coupling.
On the
contrary, SA-HEBM Mn-Al powders do not show any kink in the
hysteresis loop even after 8-h of milling. This indicates that the
coating of surfactants on the Mn-Al particles during the milling
process facilitates the inter-grain exchange coupling. The magnetic
parameters such as Ms,3T and Hc were estimated from the RT
temperature hysteresis loops and are plotted against milling time
(Fig. 15). In both the cases, the Ms,3T values tend to decrease with
increase in milling time (Fig. 15a). The loss of magnetization is
attributed to the decrease in the fraction of ferromagnetic τ-phase
with increasing milling time (Fig. 13). In contrast, the Hc values
demonstrated an increasing trend against milling time (Fig. 15b)
and this trend can be explained by the dependence of Hc on the τ12,13,26
MnAl grain size.
For the HEBM Mn-Al powder, the Hc value
attained a maximum value of 3.96 kOe (8 h); while for the powders
milled with OA+OY, the Hc value increased to a maximum of 4.88
kOe (8 h). The observed high Hc values in the Mn-Al flakes motivated
us to probe the magneto-crystalline anisotropy constant, K1 of these
3
flakes. Accordingly, K1 value of 0.84 MJ/m was calculated for the 8-h
SA-HEBM processed Mn-Al powders using the equation K1 =
µ0MsHa/2, where µ0 is the permeability of free space and Ha is the
50
anisotropy field. This value is slightly higher than those processed
3
without OA+OY (0.65 MJ/m ), as well as with respect to the bulk alloy
3
having similar composition (0.75 MJ/m ). In addition to the increase
in K1, the significant grain-size reduction observed in the SA-HEBM
powders (Table 2), is an obvious reason for the Hc enhancement.
The magnetic properties of the as-milled Mn-Al powders
without and with OA+OY were investigated after being subjected to
annealing at 623 K for 10 min. The estimated Ms and Hc values for
the annealed powders are shown in Figs. 15c and d, respectively. In
both the cases, it is interesting to note that the Ms values tend to
increase at the expense of Hc. For the SA-HEBM powders (8-h), the
Ms and Hc values: 24.7 emu/g and 4.88 kOe are transformed into
31.9 emu/g and 4.35 kOe, respectively after annealing. Whereas in
the case of HEBM powders (8-h), the Ms and Hc values: 18.5 emu/g
and 3.96 kOe are changed into 28.2 emu/g and 3.02 kOe,
respectively. The above results confirm that the observed decrease
in the Hc is somewhat lower in the case of SA-HEBM powders. A
possible reason for the Hc retention could be the presence of
OA+OY coating, which inhibits the grain-growth caused by
annealing.
Further, it is also of particular interest to investigate the Hc
values as a function of temperature. For this purpose, 8-h as-milled
powder samples were investigated, as they demonstrated higher Hc
nd
values. The 2 quadrant demagnetization curves obtained at
different temperatures for the 8-h milled Mn-Al powders without
and with OA+OY are shown in Figs. 16a and b, respectively. In both
the cases, the Hc values are found to increase gradually with
decrease in temperature from 300 to 5 K. As discussed previously,
in the case of 8-h milled Mn-Al powders without OA+OY, the
demagnetization curve at 300 K contains a shoulder (step), which
becomes more pronounced at lower temperatures (dashed line
marked in Fig. 16a). The Hc and the fields where the steps appear
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were estimated from the demagnetization curves and they are
plotted as a function of temperature in the inset of Fig. 16a.
Different trends for Hc and the field where the step appears is
observed which confirms the existence of hard and soft phases in
these powders. The field where the step appears remains in the
range of 0.23 – 0.45 kOe; while the Hc values significantly increase
with decrease in temperature which confirms the existence of twophases and lack of inter-grain exchange coupling in the Mn-Al
powders milled without OA+OY. The two-phase behavior could be
probably attributed to the existence of hard (τ-MnAl) and soft (βMn) magnetic components in the 8-h milled HEBM powders (Fig.
13). At this point, it should be mentioned that although β-Mn is
mostly considered as a non-magnetic phase; some theoretical
studies propose the existence of a marginally ferromagnetic
51,53,54
behavior in β-Mn.
In contrast, the 8-h milled SA-HEBM powders demonstrate
smooth magnetization behaviour with no apparent kink in their
demagnetization curves (Fig. 16b), which confirms the existence of
52,53
With the
strong inter-grain exchange coupling in these samples.
use of OA+OY during the HEBM process, maximum Hc values of 4.88
and 8.2 kOe were achieved at 300 and 5 K, respectively and these
values are about 23 % higher than that of those achieved for the
samples processed without OA+OY (inset of Fig. 16). The high Hc
values obtained with the SA-HEBM process can also be credited to
the surfactant action. The presence of surfactants on the particle
surfaces not only imparts strong exchange coupling for the
hard/soft magnetic phases; but also traps away the finer particles
37
from the sediment powders. It is also worth noting that the Hc
values obtained in the present study are significantly higher than
those obtained by any other processing techniques. Further, the
present approach does not require heat treatment steps for the Hc
enhancement of Mn-Al milled powders. This is an additional
advantage of SA-HEBM processing of Mn-Al alloys towards PM
applications, as without any heat treatment such a high Hc has not
been achieved in the mechanically milled Mn-Al powders [Table 1
and cited references therein].

these high Hc values were realized without employing any heat
treatment.
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•
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achieved for the 8-h SA-HEBM Mn-Al powder and these values
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powder. A noteworthy aspect of the SA-HEBM process is that
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Composition

Methods employed

Ms
(emu/g)

Hc (kOe)

Ref.

-

1.5

10

59.8

3.62

11

Mn55Al45

IM + OQ + MM + SPS (1393 and 1523 K)

Mn54Al46

GA + MS + MM + HT (773 K/30 min)

Mn54Al44C2

IM + MS + IA

0.7*

3.01

15

Mn55-xAl45Cx
(x = 0, 1, 1.7 and 2);
Mn53.5Al45B1.5 and Mn52.3Al45RE1
(RE = Pr or Db)

MS + HT (923 K/10 min)

-

1.54

16

Mn70.7Al28.2C1.1

MM+CIP+HT (1323 K/10min) + IA (873 K/10 min)

44

3.4

20

Mn54Al43C3

MS + HT(773 K/10 min)

49

4.1

21

Mn46Al54

GA + MM + HT (698 K/45 min)

40

4.4

22

Mn56 Al44 +5% Fe

MM + SPS + HT (1123 K/20 min)

40.3

2.3

23

(Mn0.54Al0.46)100-xLax
(Mn0.535Al0.448 C0.017)100-x
Lax (x up to 0.9)

IM + IA (1373 K) + HT (723 − 873 K)
-

2.5

Mn52Al42C6

MM + IA (1323 K) +

52

2.6

25

#

24

HT (773 − 973 K/10−60 min)
Mn 0.53Al0.47-xCx
(x = 0 - 0.015)

MM + HT (1173 K/60 min)

72

1.9

26

Mn56Al44

MM + SPS + RTP (1123 K/20 min)

28

2.4

27

Mn54Al46,
Mn54Al43Cu3,
Mn54Al40Cu6, Mn54Al37Cu9

MM + HT (693 K)

70

-

28

Mn0.53Al0.47-xCx

MM + HT (1073 K)

81

2.2

29

Mn54Al46

SA-HEBM

24.7

4.9

This
work

#

* Tesla, kA/m.
CIP: Cold-isostatic pressing; GA: Gas atomization; MM: Mechanical milling; MS: Melt spinning; HT: Heat treatment; IA:
Isothermal aging; IM: Induction melting; OQ: Oil quenching; RTP: Rapid thermal annealing; SA-HEBM: Surfactantassisted High Energy Ball Milling; SPS: Spark plasma sintering.

RSC Advances Accepted Manuscript

Table 1 Magnetic properties of Mn-Al and Mn-Al-C nanocrystalline powders processed by mechanical milling.
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Table 2 Characteristics of Mn-Al powders processed by HEBM and SA-HEBM processes.

Flakes obtained by SA-HEBM

HEBM

SA-HEBM

Thickness (nm)

Length (μm)

2

22.5

20.5

1000 - 3000

1 - 45

4

20.7

19.4

500 - 950

1 - 60

6

19.6

17.6

150 - 300

1 - 74

8

19.3

15.8

90 - 160

1 - 90

10

19.1

15.5

75 - 150

1 - 90
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Mean grain size by XRD (nm)

Milling duration
(h)

RSC Advances

Fig.1 Photograph showing the formation of Mn-Al colloidal
nanoparticles (suspension) in the case of 8-h milled Mn-Al powders
with OA+OY (a), which is compared with that of those prepared
without OA+OY (b).
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Fig.2 SEM back-scattered electron micrograph showing two-phase morphology for the ascast Mn-Al alloy with the solid line marks the region for EDS line scan (a) and its
corresponding EDS profile (b).
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Fig.3 Typical XRD pattern (a) and EDS spectrum (b) of as-cast Mn-Al alloy processed
by arc-melting.
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Fig.4 M−H (a) and M−T (b) curves for the as-cast Mn-Al alloy ingot.
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Fig.5 TEM micrograph of the Mn-Al colloidal nanoparticles obtained after
8-h of SA-HEBM process (a) and its corresponding SAED pattern (b).
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Fig.6 Plots of the experimental scattering intensity, log I(q) versus the scattering vector
log q (a) and the experimental pair distance distribution function p(r) versus radial
distance r (b) for the Mn-Al colloid processed by SA-HEBM.
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Fig.7 M−H loops of Mn-Al colloids obtained at 300 and 5 K with their magnetic moment is
normalized for maximum saturation value.
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Fig.8 Typical TG curve for the 8-h milled Mn-Al powders with OA+OY.
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Fig.9 SEM micrograph of as-cast Mn-Al alloy after crushing.
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Fig.10 SEM micrographs of Mn-Al powders obtained at different milling duration without (a–d)
and with OA+OY (e–h).
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Fig.11 Development of nanocrystalline flake-like structure during SA-HEBM process
of Mn-Al powders after 2 h of milling.
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Fig.12 HRTEM micrograph of nanocrystalline Mn-Al flakes obtained after 8-h
of SA-HEBM process (a) and the corresponding SAED pattern (b).
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Fig.13 XRD patterns obtained for the Mn-Al powders as a function of milling time: without (a)
and with OA+OY (b).

Fig.14 Room temperature magnetic hysteresis curves for the Mn-Al powders
intervals without (a) and with OA+OY (b).
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obtained at different milling
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Fig.15 Ms and Hc values as a function of milling duration for the Mn-Al powders processed with and without
OA+OY. (a-b) as-milled and (c-d) after being annealed at 623 K / 10 min.
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Fig.16 Temperature dependence 2nd quadrant demagnetization curves for the 8-h milled Mn-Al powders
without (a) and with OA+OY. Inset of (a): Temperature dependence of Hc of hard and soft phases
present in the 8-h milled Mn-Al powder processed without OA+OY. Inset of (b): Hc as a function of
temperature for the 8-h milled Mn-Al powders without and with OA+OY.

