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ARTICLE INFO ABSTRACT

The 7-MnAIC/FeCo system has potential to be applied as rare earth-free permanent magnet, due to exchange
coupled between hard and soft magnetic phases as alternative for the development of high energy product
permanent magnets. In this work the hard-magnetic phase Mns3 3Al145C; .7 (uoH, = 0.37 T of coercive force,
M, = 23.52Am?/kg of remanent magnetization, M, = 52.94Am?/kg of saturation magnetization and
(BH)max = 3.89kJ/m® of maximum energy product) was mixed with the soft magnetic phase FegsCoss
(uoH, = 0.007 T and M, = 221.33 Am?/kg) using a solid-state procedure. The magnetic materials were sintered
using different ratios of hard and soft magnetic phases: 95:5, 90:10, 85:15 and 80:20; and different sintering
temperatures (300, 400, 500 and 600 °C) in order to improve the magnetic properties. The magnetic exchange
coupling between MnAIC and FeCo was proved by the hysteresis loop and its corresponding Thamm-Hesse
analysis. The best result was obtained for MnAlC/FeCo (95/5 wt%) sintered at 500 °C during 30 min, for which
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the magnetic properties were poH, = 0.277 T, M, = 76.43 Am?/kg and (BH)mayx = 5.57 kJ/m>.

1. Introduction

Permanent magnetic materials with high performance are char-
acterized by high magnetic anisotropy (K, = 1.7 MJ/m>), high Curie
temperature (T, ~ 1000K) and a theoretical (BH)pyax ~ 110 kJ/m?
[1,2]. These class of materials are used for technological applications,
consumer electronics, medical industry, transportation, alternative en-
ergy and others [2]. Due to this wide field of applications, hard mag-
netic materials have been receiving great scientific interest to improve
their magnetic properties, specially focusing on rare earth (RE)-free
magnets, due to the high prices of REs. Different processes have been
implemented to obtain these new systems such as sintering, thermal
treatments, refinement of grain size and others. These processes are the
basis of the new exchange coupling model between hard and soft
magnetic phases [3-12]. In this model, the magnetic properties are
dependent on the intrinsic properties of both phases and it is proposed
as an alternative solution to the issue of the high demand of RE free
magnets.

The exchange coupling model developed, especially in magnetic
films [13,14], suggests the preparation of nanocomposite magnets by
coupling 85% of hard magnetic phase and 15% of soft magnetic phase.
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Recent work [15] proposes the t-MnAl phase as a potential hard
magnetic phase, because it has superior magnetic and mechanical
properties than alnicos and hexaferrites permanent magnets [16]. The
t-MnAl is metastable phase with face centered tetragonal structure
(fct), which is known in the literature as L1y [17,18]. The carbon ad-
dition helps to stabilize and increase the directional order along the
[001] easy axis, which can lead to coercivity values between 2 and
3kOe as already shown in Ref. [2]. Jian et al. [19] studied the micro-
structure and magnetic properties of alloys of Mns3 3Al45C; 7 obtained
by arc melting and ball milling, achieving stabilization of the e-phase
through annealing at 1373 K for 24 h followed by a low temperature
annealing at 873K for 30 min to obtain the 7-phase. The obtained
phases were corroborated by XRD. By scanning electron microscopy
(SEM), it was identified a continuous particle size reduction from 20 to
0.5um, and by vibrating sample magnetometry (VSM) it was seen a
decrease in the saturation magnetization and an increase in the coercive
field with the increase of the milling time.

For exchange coupling materials, the soft magnetic phase requires
high magnetic permeability, high saturation magnetization and low
coercivity [20]. The FeCo soft phase has recently been used for the
exchange coupling with a hard-magnetic phase to increase the (BH)pax
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Fig. 1. X-ray pattern of the Mns3 3A145C; 7 sample milled for 8 h after annealed
at 550 °C for 20 min.
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Fig. 2. X-ray pattern of FegsCo3zs milled for 32h after annealed at 800 °C for
72h.

in thin films. Dang et al. [21] studied the improvement of the (BH)ax
through the exchange coupling of thin films of MnAIC/FeCo, obtained
by DC magnetron sputtering. They found an effective magnetic ex-
change coupling between MnAIC and FeCo thin films when the soft
phase film thickness was less than 8 nm, and with this a significant
improvement in the (BH),.x Was obtained. Recently, Trujillo et al. [22]
studied the exchange coupling in nanocomposite magnets by milling
melt-spun ribbon of Mnsy4 3Al44C; » with a-Fe powders. They obtained
the hard phase and optimized it after a heat treatment at 500 °C for
20 min. The mixture between t-Mns4 3A144C; 7 and a-Fe phases showed,
by XRD, a decrease in the t-phase peaks. The nanocomposite sintering

Table 1
XRD parameters of Mns3 3Al45C; 7 and FegsCoss samples.
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between 500 and 600 °C showed a decreasing tendency of the coercivity
and the increase of the saturation magnetization. The evidence of the
exchange coupling between the particles was studied by the Thamm-
Hesse analysis [23] of the hysteresis loops.

Recent works have shown that the t-MnAl hard magnetic phase
optimization depends on the production method and thin films are the
focus of recent works. Until now, researchers are working on the op-
timization of the t-MnAl phase mixed with a soft phase through the
exchange coupling in bulk samples, implementing mechanical alloying,
sintering and other techniques. The main goal in this work is to obtain a
magnetic exchange-coupling between hard magnetic (z-MnAIC) and
soft magnetic (FeCo) phases to improve the energy-product. For this
reason, in this study, we propose to improve the magnetic properties of
bulk nanocomposite magnets by optimizing the exchange coupling
between the t-Mns;3 3Al45C; 7, hard magnetic phase and the FegsCoss
soft magnetic phase. The study by mechanical alloying and sintering,
mixing 5 to 20% in mass of the soft phase, were performed to optimize
the magnetic properties focused on RE-free permanent magnet, that can
be used in the different applications mentioned above.

2. Materials and methods

Mns3 3Al45C; 7 and FegsCoss alloys have been obtained by melt
spinning and arc melting, respectively, from high purity elements. The
FeCo alloy was annealed at 800 °C by 72 h and then quenched in water
to homogenize and stabilize the a (A2) phase of FeCo which is dis-
ordered at that temperature according to its phase diagram. This phase
presents a soft magnetic behavior. After the heat treatment, mechanical
alloying was carried out for 32 h assisted with oleic acid to reduce the
particle size and improve its soft magnetic behavior. MnAIC alloy was
obtained by melt spinning. 3 wt% of Mn in excess was added to com-
pensate its evaporation during the melting process. The ribbons pre-
sented only hexagonal e-MnAl phase, in accordance with previous re-
ports [22]. After that, the ribbons were annealed at 550 °C for 20 min to
stabilize the t-MnAl tetragonal phase; finally, the sample was ball
milled for 8h at 150 rpm to reduce the particle size and increase the
coercivity value. Finally, the soft and hard phases were mixed at mass
percentages of 5, 10, 15 and 20% of FeCo. Then the mixtures were
homogenized for 1 h by mechanical alloying at low energy (150 RPM).
Further, they were compacted to 75 kN of pressure and sintered at 300,
400, 500 and 600 °C for 30 min.

The samples were characterized by X-Ray Diffraction (XRD) carried
out on a Stoe Stadi P diffractometer with Mo K,; radiation, in trans-
mission geometry, in the 26 range between 5 and 50°; Vibrating sample
magnetometry (VSM) with an applied external field of 2 and 3 T for the
soft and hard phases, respectively. Demagnetization correction was
made for the magnetic measurements. The Thamm-Hesse method was
used to study the type of predominant interactions between particles. In
order to evaluate the magnetic interaction, we use a simple relation,
which is called the AM-plot, AM = Mjn; — (1/2) X (Myp + Maown),
where the Mipi;, Myp, and Mgown are the magnetization values over the
initial magnetization curve, upper, and lower part of the hysteresis
loop, respectively, as described in Ref. [23]. Scanning Electron

Sample Phase Lattice parameter [A] + 0.001 Crystallite size Weight fraction Density (g/cm®)
@, [nm] = 0.05 @, [nm] * 0.05
Mns3 3ALisC 5 T a=3921 347.68 627.05 85 5.27
c = 3.586
B a = 6.906 233.56 123.11 15 5.53
FegsCoss a(Ar) a = 2.860 184.58 431.01 100 8.85
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Fig. 4. Mossbauer spectrum of FegsCoszs milled for 32h after annealed at
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Fig. 5. Hysteresis loops of FegsCoss milled for 32h and Mnss 3Al45C; 7 milled
for 8 h after annealed.

Microscopy (SEM) was taken in the range between 20 and 200 um for
each sample; and Méssbauer Spectroscopy (MS) at room temperature,
using a Mossbauer spectrometer with a radioactive source of *’Co im-
mersed in a rhodium (Rh) matrix. XRD diffraction patterns were refined
with the GSAS software [24], the Mossbauer spectrum of the soft phase
was adjusted with the Mosfit program [25], and the average particle
size was obtained from SEM images, using the GIMP and ImageJ pro-
grams.

3. Results and discussion

The constitution of the Mns3 3Al4sC; 7 hard phase alloy was determined
by XRD as shown in Fig. 1. Both t and [3 phases are present; the t-phase,
with the space group P4/mmm, presents a tetragonal crystallographic
structure with lattice parameters a = 3.9207 A and ¢ = 3.5860 A, with
average  crystallite sizes (@, parallel and ®, perpendicular)  of
@, = 347.68 nm and &, = 627.05nm indicating that on average the crys-
tallites are prolate. The t-phase has a weight fraction of 85% and constitutes
the hard-magnetic phase.

The coexistence of the 3 phase with a weight fraction of 15% was
also observed. This phase has a P4132 space group, which is a simple
cubic structure with lattice parameter a = 6.9064 A and average crys-
tallite sizes of @) = 233.56 nm and ® = 123.11 nm indicating that on
average the crystallites are prolate; phase B has been indexed with an
asterisk as shown in Fig. 1.

Fig. 2 shows the X-ray diffraction pattern of the FegsCoss sample
milled with surfactant for 32 h, and then annealed at 800 °C. The pre-
paration route retains the becc structure of FeCo alloy with the Im3m
space group. This pattern was refined with the CIF (Crystallographic
Information File) of the CogigFe; g2 phase. The refined lattice para-
meter was a = 2.8604 A, and the refined mean crystallite sizes were

Table 2
Main parameters corresponding to hysteresis loop for Mnssz3Al4sCi 7 and
FeesCo3s samples.

Sample M, (Am’kg™") M, (Am’kg™")  HepoH (T)  (BH)max
+0.05 + 0.05 +0.003 (kJm~3)

Mnss 3ALisCr,  52.94 23.52 0.370 3.89

FegsCoss 221.33 17.88 0.007 -
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Fig. 7. X-ray patterns of MnAIC/FeCo at 500 °C, for concentrations of 5, 10, 15
and 20% of the soft phase.

Fig. 6. X-ray patterns of MnAIC/FeCo (95/5 wt%) sample sintered at 300, 400,
500 and 600 °C during 30 min.

Table 3
X-ray diffraction parameters of MnAlC/FeCo (95/5 wt%) sample sintered at 300, 400, 500 and 600 °C.
Sample Phase Lattice parameter [A] + 0.001 Crystallite size Weight fraction Density (g/cm®)
@ [nm] = 0.05 @, [nm] * 0.05
MnAIC/FeCo (95/5 wt%) 300 °C T a=3.921 120.04 120.04 67 4.94
c=3.614
B a = 5.942 717.17 24.50 28 8.69
a (Az) a = 2.856 222.55 442.70 5 7.60
MnAIC/FeCo (95/5 wt%) 400 °C T a=3918 210.91 190.10 67 5.01
c = 3.608
B a = 6.446 395.12 395.12 10 6.77
a (Ay) a=2865 30.10 276.88 23 7.93
MnAIC/FeCo (95/5 wt%) 500 °C T a = 3.922 228.74 226.34 70 4.85
c=3.612
B a = 6.446 600.49 600.49 24 6.19
a (Az) a = 2.867 269.73 365.39 6 7.91
MnAIC/FeCo (95/5 wt%) 600 °C T a=3.919 403.26 246.14 51 4.89
c=3.616
B a = 6.444 325.15 468.71 44 5.37
a (Az) a = 2.863 199.51 527.56 5 7.95

224



H. Martinez Sdnchez et al.

Table 4
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X-ray diffraction parameters of MnAIC/FeCo (90/10, 85/15, and 80/20 wt%) samples sintered at 300, 400, 500 and 600 °C.

Sample Phase Lattice parameter [A] + 0.001 Crystallite size Weight fraction Density (g/cm®)
@ [nm] = 0.05 @, [nm] * 0.05
MnAIC/FeCo (90/10 wt%) 500 °C T a=3.919 262.95 262.95 63 4.91
¢ =3.610
B a=6.442 340.30 496.01 27 6.57
a (Az) a = 2.865 315.06 356.49 10 7.92
MnAIC/FeCo (85/15 wt%) 500 °C T a=3.925 345.71 268.34 62 4.77
¢ =3.616
B a=6.443 383.67 422.25 25 6.44
a (Az) a = 2.865 521.02 521.02 13 7.93
MnAIC/FeCo (80/20 wt%) 500 °C T a = 3.923 399.30 399.30 56 4.89
¢ =3.613
B a = 6.443 376.06 481.01 26 6.50
a (Az) a = 2.865 581.41 579.56 18 7.45

@, = 18 nm and &, = 43 nm indicating that on average the crystallites
are prolate. In addition, the obtained XRD parameters of the
Mns3 3Al45Cy 7 and FegsCoss samples are listed in Table 1.

Fig. 3 shows SEM images of the Mns3 3Al45C; 7 (a), and FegsCoss (b)
samples. The micrographic analysis shows an average particle diameter
between 7 and 14 um for (a), and (b), respectively. It can be seen that
the milling time reduces the particle size and promote micro flakes with
irregular shape.

The Mossbauer spectrum of FegsCoss milled for 32h is shown in
Fig. 4. The six lines indicate a magnetic behavior, and their high broad
show that the crystalline sample is disordered and Fe are randomly
substituted by Co atoms. This fact permits to conclude that the obtained
bcce structure corresponds to the disordered a (A2) phase. The best fit,
and in accord with its disordered character, was obtained with a hy-
perfine magnetic field distribution (HMFD) with a mean hyperfine field
of (B) = 35.6 T. The increase of (B), respect the 32T of the pure Fe, is
due to the substitution of Fe atoms by magnetic Co atoms. These results
are in accord with those of Zelenakové et al. [26], which reported the
Mossbauer study of Fe,(Coz obtained by mechanical alloying for 30 h,
and determined a field of (B) = 35T.

Fig. 5 shows hysteresis loops of Mns3 3Al4sC; 7 and FegsCoss iden-
tified as hard and soft magnetic phases, respectively. Mngsz 3Al45Cq 7
presents uoH, = 0.370 T, M, = 23.52 Am?/kg, M, = 52.94 Am?/kg for
an applied field of 3T and a (BH)max = 3.89 kJ/m®. On the other hand
the FegsCoss presents uoH, = 0.007T, M, = 18.17 Amz/kg and
M, = 221.33 Am?*/kg. A summary of the main parameters corre-
sponding to the hysteresis loops for Mns33Al45C 7, and FegsCoss

4 b) 4

Frequency

samples are included in Table 2.

After the characterization of the Mnss3Al45C; 7> and FegsCoss
phases, they were mixed in mass percentages from 5 to 20% of soft
phase and a mass percent from 95 to 80% of hard phase, respectively.
The different mixtures were denoted as MnAIC/FeCo (95/5 wt%),
MnAIC/FeCo (90/10 wt%), MnAIC/FeCo (85/15wt%) and MnAIC/
FeCo (80/20 wt%). After this, the mixtures were homogenized by me-
chanical alloying, and compacted at a pressure of 75 kN. To determine
the optimal sintering temperature, the sample MnAlC/FeCo (95/5 wt%)
was taken and heat treated at 300, 400, 500 and 600 °C during 30 min.
After the mixture of soft and hard magnetic phases, the samples were
characterized structurally and magnetically. The X-ray diffraction pat-
terns of the MnAlC/FeCo sample (95/5 wt%) at temperatures between
300 and 600 °C, are shown in Fig. 6.

Diffraction patterns at the different thermal treatment temperatures
reveal the presence of t, B and a-FeCo phases, which are hard ferro-
magnetic, paramagnetic and soft ferromagnetic, respectively. The in-
crease of the B phase fraction, observed by XRD, indicates that this
phase is favored by the increase in temperature, as shown in Fig. 6. A
summary of the obtained XRD parameters of the MnAIC/FeCo (95/5 wt
%) at different temperatures are listed in Table 3.

Taken into account the optimized sintering temperature of 500 °C,
the hard and soft phase samples of 90:10, 85:15 and 80:20 wt% were
sintered in this condition. Fig. 7 shows the diffraction patterns of the
samples sintered at 500 °C during 30 min for the different hard and soft
phase compositions.

The XRD patterns present the same three crystallographic phases: t,

MnAIC/FeCo (95/5 wt. %) 500 °C
¢=10pum

5 10 15 20
Particle size (um)

Fig. 8. (a) SEM images of MnAIC/FeCo (95/5 wt%) at 500 °C, and (b) Distribution of the average particle size of MnAIC/FeCo (95/5 wt%) at 500 °C.
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Fig. 9. Hysteresis loops of MnAIC/FeCo (95/5 wt%) sintered at 300, 400, 500
and 600 °C during 30 min.
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Fig. 10. (BH)max as a function of temperature and % of the soft phase of
MnAIC/FeCo sintered at 300, 400, 500, and 600 °C, for the soft mass percen-
tages of 5, 10, 15 and 20%.

B and a-FeCo. The weight fraction of the a-FeCo phase increases from 6
to 18% due to the increase of mass percent of the soft phase in the
sample from 5 to 20%. These increase is noted by the increase of the
intensity of the main peaks of a-FeCo phase, as shown in Fig. 7. On the
other hand, the t-phase decreases its weight fraction in the sample from
70 to 56%, and the B phase increases its weight fraction with the

Table 5
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Fig. 11. The Thamm-Hesse plot of MnAIC/FeCo (95/5 wt%) sintered at 500 °C.
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Fig. 12. Hysteresis loops of MnAIC/FeCo sintered at 500 °C, for mass percen-
tages of 5, 10, 15 and 20% of the soft phase.

increase of the soft phase. A summary of the obtained XRD parameters
of the MnAIC/FeCo with different ratios at 500 °C are listed in Table 4.

Fig. 8(a) shows SEM images of the MnAlC/FeCo (95/5wt%) at
500 °C samples. The micrographic analysis shows an average particle
diameter of 10 pm respectively. In Figure it can be observed white and
gray particles, the first corresponding to the soft phase. If we compare
the obtained mean particle sizes with the mean crystallite sizes ob-
tained by the Rietveld refinement, it can be concluded that the soft and
hard particles are polycrystalline. The distribution of the average par-
ticle diameter or average particle size of MnAIC/FeCo (95/5 wt%) at
500 °C is shown in Fig. 8(b). It can be noted that the probably particle
size is near 10 um.

Magnetic properties of MnAlC/FeCo (95/5 wt%) sample sintered at 300, 400, 500 and 600 °C during 30 min.

M, (Am*kg™!) + 0.05

He oH (T) + 0.003 (BH)max (kJm™3)

Sample M, (Am*kg™") + 0.05
MnAIC/FeCo (95/5 wt%) 300 °C 57.73
MnAIC/FeCo (95/5 wt%) 400 °C 71.61
MnAIC/FeCo (95/5 wt%) 500 °C 76.43
MnAIC/FeCo (95/5 wt%) 600 °C 62.72

21.41
28.31
32.71
26.31

0.270 2.66
0.285 4.37
0.277 5.57
0.264 3.51
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Table 6
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Magnetic properties of MnAlC/FeCo (90/10, 85/15, and 80/20 wt%) sample sintered at 500 °C during 30 min.

M, (Am*kg ') + 0.05

H. oH (T) + 0.003 (BH)max (kJm™3)

Sample M, (Am*kg ') + 0.05

MnAIC/FeCo (90/10 wt%) 500 °C 74.75 30.15
MnAIC/FeCo (85/15 wt%) 500 °C 84.21 24.76
MnAIC/FeCo (80/20 wt%) 500 °C 87.52 28.33

0.234 4.07
0.173 2.74
0.122 2.27

Fig. 9 shows hysteresis loops of MnAIC/FeCo (95/5 wt%) sample
sintered at 300, 400, 500 and 600 °C during 30 min. In Fig. 9 it can be
seen that the hysteresis loop of the sample sintered at 500 °C, showed
characteristic behavior of a single-phase hard magnet with no kinks in
the demagnetization curve, consistent with the existence of strong in-
tergrain exchange coupling between MnAIC/FeCo phases. The
magnetic  properties M, = 76.43 Am?/kg, M, = 32.71 Am?/kg,
toH, = 0.277T and (BH)max = 5.57kJ/m>, were achieved in this
sample, which are higher compared to those of the standard sample
(Mnss3.3A145C; 7), and the other evaluated mixture ratios at different
temperatures. It is important to note that (BH),,.y is directly related to
the weight fraction of phase 7 in the samples (see Fig. 10). A summary
of the main parameters corresponding to the hysteresis loop of MnAIC/
FeCo (95/5 wt%) sample sintered at 300, 400, 500 and 600 °C during
30 min, are included in Table 5.

The Thamm-Hesse plot (Fig. 11) was obtained from the hysteresis
loop at room temperature as described in Ref. [23]. Here, the Thamm-
Hesse method was used to establish the type of magnetic interaction
existing between magnetic particles according to the AM parameter. For
AM = 0, there are interactions between the particles or grains. In the
case that AM > 0, interactions that favor magnetization prevail (ex-
change interaction), but if AM < 0, the interactions that prevail are
those that favor magnetization reversal (dipolar interaction) [23]. Then
for the nanostructured composite 7-MnAIC/FeCo samples, the data
show a peak splitting in the Thamm-Hesse plots. This analysis shows a
competition between the magnetic dipolar interaction and the ex-
change interaction occurs; however, the last one predominates. This
behavior suggests that within the material, there is an intimate ferro-
magnetic exchange coupling between particles of the hard 7-MnAIC
phase and between them with those of the soft FeCo. This result is
according with Trujillo et al. [22]. This is a consequence of the grain
size refinement produced by milling process with surfactant and the
increase of the FeCo content.

The Fig. 12 shows hysteresis loops of MnAIC/FeCo (95/5, 90/10,
85/15, and 80/20 wt%) samples sintered at 500 °C during 30 min. In
Fig. 12 it can be seen that the magnetic properties of the sample sin-
tered at 500 °C, began to decrease with the increase in FeCo content.
This is the reason of the decrease of (BH)max from 5.57 kJ/m? for the
MnAIC/FeCo (95/5wt%) sample to 2.27 kJ/m® for the MnAIC/FeCo
(80/20 wt%) sample, as can be observed in the Table 6.

4. Conclusions

The structural and magnetic properties of the Mns3 3Al45C; 7 hard
phase, the FegsCoss soft phase and their mixtures in mass percentages of
95:5, 90:10, 85:15 and 80:20 of the hard and soft phases were studied.
The sample MnAIC/FeCo (95/5 wt%) sintered at 500 °C during 30 min
reveals an exchange coupling between its precursor phases, presenting
the best hard magnetic properties with (BH)y.x = 5.57 kJ/m>. The de-
crease in (BH)n.y is related to the decrease of weight fraction of the
percentage of 7 phase in the sample. The increase of the mass percentage
of the soft phase from 5 to 20% increase the M; and decrease the uyH, of
the mixture compared to the M; and uoH, of the Mns3 3Al45C; > hard
phase. Evidence of good exchange coupling between 7-MnAlC/FeCo is
observed by Thamm-Hesse, but future experiments are necessary to op-
timize processing of the particle size reduction.
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