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Abstract. The transformation from  to τ phase is investigated in manganesealuminium (Mn55Al45) alloyed by the induction melting. By annealing Mn55Al45 at
450–550°C for 2 h, the ferromagnetic τ-MnAl is enhanced at the expense of  phase.
The largest coercivity of 1139 Oe and remanent magnetization of 3.71 emu/g are
obtained after annealing at 550°C. The additions of 1 and 2% carbon affect the phase
and magnetic properties of Mn55Al45 but the 2 h annealing at 550°C still leads to the
largest coercivity. Interestingly, substantial coercivity and magnetizations are directly
obtained in (Mn55Al45)98C2 and (Mn55Al45)97C3 by the induction melting without
further heat treatments.
Key words: rare-earth-free magnets, manganese, aluminium, induction melting,
annealing.

1. INTRODUCTION

Ferromagnetism in manganese-aluminium (MnAl) was reported in 1958 by
Kono [1]. The significant developments were made in 1970s but the performances
of Mn-Al magnets did not surpass those of rare-earth magnets [2]. Recently, the
interest in this rare-earth-free magnet has been revived in the quest for permanent
magnets to fill the gap between high-performance rare-earth magnets and low-cost
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ferrites [3, 4]. MnAl alloy exhibits strong uniaxial magnetocrystalline anisotropy
and high Curie temperature. It can be developed into low-cost and lightweight
magnets with good mechanical properties. Besides applications in electromagnetic
devices, these advantages are vital for ferrofluids [5] and biomagnetism [6]. The
ferromagnetism stems from the intermetallic L10 body centered tetragonal structure
of MnAl with the Mn in (0, 0, 0) and Al in (½, ½, ½) sites [4]. This ferromagnetic
phase, referred to as the τ-MnAl, is sensitive to the Mn atomic spacing and the
displacement of Al in (½, ½, ½) sites by excess Mn atoms results in antiferromagnetic
coupling within the structure.
According to the Mn-Al phase diagram, the ferromagnetic τ-phase is
transformed from the high-temperature ε-phase with a Mn content of 55–60 at%.
The nonmagnetic ε-phase is stable at temperatures above 873°C. When the ε-phase
is quenched and then annealed, the τ-phase is formed by the displacive mode and
massive mode. The displacive mode is likely initiated at lower temperatures. By
contrast, the massive mode involves the diffusive nucleation and growth processes
[4, 7, 8]. The ε → τ phase transformation in MnAl strongly depend on the temperature
change [9–11]. Common annealing temperatures are around 500°C but it was
demonstrated that the temperature as low as 295°C could activate the into
ferromagnetic phase transformation in Mn55Al45 ribbons [9]. Moreover, the τ-MnAl
is metastable and tends to decompose into nonmagnetic γ2 (Al8Mn5) and β (Mn)
phases. Although a subsequent annealing after the melting is commonly required to
transform the nonmagnetic ε-phase to the ferromagnetic -phase, prolonged heat
treatments at high temperatures often have adverse effects on Mn-Al magnets due
to the formation of twins and antiphase boundaries [4, 8]. It was suggested that
680°C was too high for the MnAl annealing [12]. Thus, the challenge in the
developments is to synthesize and stabilize this ferromagnetic phase.
To stabilize the τ-phase, a small amount of carbon (C) is added into the MnAl
alloy [7, 12–16]. C could be added to MnAl in forms of either graphite or manganese
carbide (Mn23C6) [17]. The solubility limit of C in τ-MnAl is approximately 3% as
reported by Zhao et al. and the formation of C-rich phase likely has an adverse
effect [16]. Instead of excess Mn atoms, the substitutions of C in (½, ½, ½) sites
reduce the antiferromagnetic ordering and increase the structure stability [18].
Also, C atoms tend to enter the (½, ½, 0) sites [19]. Moreover, domain walls may
be pinned by the Mn3AlC phase enhancing the coercivity [13]. However, it was
reported that the Curie temperature was decreased and the magnetization was not
changed by the C doping [13, 16, 18]. The saturation magnetization may even be
reduced as exemplified in the work by Fang et al. [20].
Recent works have suggested that it is possible to directly obtain the τ-phase
without transformation from the ε-phase. Kinemuchi et al. employed high pressure
exceeding 5 GPa to derive the τ-phase from the synthesis at 900°C [21] whereas
Sato et al. directly obtained the τ-phase in forms of the electrodeposited Mn-Al
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film [22]. Xiang et al. obtained high purity τ-MnAl by controlling the cooling rate
in the melt-spinning process [23]. Moreover, the drop synthesis and strip casting
were respectively employed by Fang et al. and Shao et al. to synthesize τ-MnAl
without any subsequent heat treatment [20, 24]. Although the high purity phase led
to high magnetizations, the coercivity in these works was moderate. Therefore, it is
still a challenge for researchers to produce MnAl magnets with substantial coercivity
using facile methods including arc melting, gas-atomizing as well as induction
melting.
In this report, magnetic properties of MnAl alloys with up to 3% C are
investigated. All samples were firstly melted by the induction heating and their
coercivity as well as magnetizations were compared to those after annealing at
varying temperatures for 2 h.
2. EXPERIMENTAL

Mn flakes (purity 99.9%) and C granules (purity 99.09%) were purchased
from Thailand Smelting & Refining Company and Al granules (purity 99.995%)
were obtained from Sanno Tools Store. (Mn55Al45)100–xCx alloys, where x = 0, 1, 2, 3,
were produced by melting the starting materials at 1,450°C for 3 min in an
induction heating tube. The power of 550–600 W was transferred to the alloy via
a coil surrounding a graphite crucible with the 5 liter/min argon flow. The products
were cooled down to the room temperature and then coarsely ground. To promote
the phase transformation, (Mn55Al45)100–xCx powders were annealed for 2 h in a tube
furnace (Carbolite GHA12/300) under argon atmosphere. The annealing temperatures
were varied as 450, 500, and 550°C.
To characterize the ground (Mn55Al45)100–xCx powders, a single crystal X-ray
diffractometer (XRD, SuperNova with Cu microfocus X-ray source and a HyPix
3000 detector) in the micro powder mode was used to identify the phase structure.
Crystallite size (d) was calculated from the major peak width using the Scherrer
formula [25];
d

0.94
,
 cos 

(1)

where  is the broadening of the diffraction line measured at half maximum intensity
and  is the wavelength of Kα. The Rietveld refinement via the XPowder12 software
was used to analyze the fraction of each crystalline phase from the XRD patterns
[26]. Magnetic properties were measured by a vibrating sample magnetometer
(VSM, Lakeshore 730908). Magnetizations of (Mn55Al45)100–xCx were recorded in
sweeping magnetic fields between –15 and 15 kOe.
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3. RESULTS AND DISCUSSION

In Figure 1a, diffraction patterns of Mn55Al45 before and after the annealing
are compared. Mixed phases of -MnAl, AlMn3, AlMn3C (-phase), Al4C3, Al8Mn5
(γ2-phase), β (Mn), C as well as τ-MnAl are obtained after the induction melting.
The major peak corresponding to τ-MnAl are indexed at 41.2(101) with a minor
peak at 89.2(202) (JCPDS 48–1831). After the 2 h annealing at 450°C, XRD
peaks remain at the comparable positions with slightly modified intensities. By
annealing at higher temperatures than 450°C, the τ-MnAl is substantially enhanced
as indicated by the growth of the major peak and other minor τ-MnAl peaks clearly
emerge at 24.6(001), 46.5(110) and 53.3(111). The quantitative phase analysis
with the Rietveld refinement confirms the increase in τ-phase from 45.5% before
annealing as listed in Table 1. In the case of 550°C, the τ-MnAl is as high as
77.2%. By contrast, the ε-MnAl peaks at 38.0(100) and 43.5(101) diminish
corresponding to the reduced phase content of 7.5%. The crystallite size calculated
from the major τ-MnAl peak is increased with the annealing temperature to 21 nm,
much larger than that of ε-MnAl in Table 1. The c/a ratio, also shown in Table 1, is
related to the magnetocrystalline anisotropy. Whereas the approximate value is 1.6
in the case of hexagonal ε-MnAl, the c/a ratio of tetragonal τ-MnAl is around 1.3
and not varied with the annealing temperature. Apparently, the structural reordering
is not as pronounced as in the case of mechanical milling [27].
The additions of 1 and 2% C in MnAl alloys result in similar mixed phases
with comparable crystallite size and c/a ratio. Figures 1b and 1c show a similar
annealing effect on the phase transformation. The τ-MnAl peaks in XRD patterns
significantly grow at the expense of the ε-MnAl phase after the 2 h annealing at
500–550°C. The high phase contents around 88% are obtained in both (Mn55Al45)99C1
and (Mn55Al45)98C2 after annealing at 550°C. This ε → τ phase transformation is by
the massive mode which tends to shift to higher temperatures with the C doping [7].
Both heat treatments at 500 and 550°C increase the crystallite size from the τ-MnAl
peak beyond 19 nm but do not significantly modify the c/a ratio, similar to MnAl.
A previous work suggested that the large increase in c/a ratio signify the occupation
of C in (½ ½ 0) sites [20]. The insensitivity of c/a ratio on the 1–2% doping implies
that C atoms do not enter these sites. On the other hand, the c/a ratio of τ-MnAl is
significantly increased in (Mn55Al45)97C3 alloys after the annealing. The trend is
consistent with that in Mn51Al46C3 reported by Wei et al. [18] but only up to 54.3%
τ-phase is obtained in our work.
From the hysteresis loops in Fig. 2, the x-intercept and y-intercept in the
second quadrant are listed in Table 2 as the coercivity (Hc) and the remanent
magnetization (Mr). All hysteresis loops are not saturated under the maximum field
applied and the maximum magnetizations (Mmax) are recorded instead of the
saturation value. Hysteresis loops in Fig. 2a and the magnetic parameters compared in
Table 2 show the annealing effects on MnAl alloys. Before the annealing, the undoped
Mn55Al45 exhibits the modest coercivity of 4.83 Oe and remanent magnetization of
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0.40 emu/g. By annealing for 2 h, the coercivity and magnetizations are minimal in
the case of 500°C but vastly increased when the temperatures are 450°C and
550°C. The annealing at 550°C for 2 h gives rise to the maximum coercivity of
1139.4 Oe, consistent with the increase in τ-MnAl in Fig. 1a and Table 1.

a

(b)
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c

d

Fig. 1 – XRD patterns of: a) (Mn55Al45)100C0; b) (Mn55Al45)99C1;
c) (Mn55Al45)98C2; d) (Mn55Al45)97C3 after melting
and annealing at 450, 500, and 550°C for 2 h.
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Table 1
Refined microstructure of (Mn55Al45)100–xCx, where x = 0, 1, 2, 3, before and after annealing
Samples





(wt%) (wt%)
Before Annealing
13.4
41.1
450°C
14.9
41.3
(Mn55Al45)100C0
Annealing
500°C
14.4
21.5
550°C
15.3
7.5
Before Annealing
9.4
52.8
450°C
12.4
44.6
(Mn55Al45)99C1
500°C
10.9
22.3
Annealing
550°C
6.5
5.4
Before Annealing
4.1
50.8
450°C
7.5
55.2
(Mn55Al45)98C2
500°C
7.3
2.5
Annealing
550°C
9.7
2.5
Before Annealing
28.0
33.6
450°C
33.4
23.8
(Mn55Al45)97C3
500°C
25.9
29.6
Annealing
550°C
26.0
19.6
Superscripts ■ and * denote ε-MnAl and τ-MnAl, respectively.


(wt%)
45.5
43.8
64.2
77.2
37.9
43.1
66.8
88.1
45.1
37.3
50.2
88.0
38.4
42.7
44.5
54.3

c/a Ratio

Crystallite
size (nm)

1.606■
1.609■
1.307*
1.310*
1.608■
1.607■
1.303*
1.294*
1.603■
1.606■
1.301*
1.305*
1.305*
1.338*
1.333*
1.347*

12■
17■
20*
21*
12■
14■
21*
23*
12■
14■
20*
24*
13*
15*
11*
19*

The differences of Figs. 2b–2d from Fig. 2a indicate the effect of C doping.
According to magnetic parameters in Table 2, the doping of 1% C gives rise to
ferromagnetic properties and annealing effects comparable to those of Mn55Al45.
The magnetizations for an as-melt (Mn55Al45)99C1 are minimal but enhanced after
the 2 h annealing at either 500 or 550°C. The coercivity increased with the annealing
temperature from 450 to 550°C.
When the C doping is beyond 1%, the drastic effect on the magnetic properties
is shown by Table 2. Interestingly, the coercivity of the as-melted (Mn55Al45)98C2 and
(Mn55Al45)97C3 are respectively 780.6 and 1445.1 Oe suggesting that substantial
τ-MnAl can be directly obtained from the induction melting. However, the
magnetizations are much lower than those from other direct methods in the literature
[20, 23, 24]. The direct formation of τ-MnAl is facilitated by the C addition which
reduces the internal stress [18, 28]. These ferromagnetic properties are consistent with
the τ-MnAl peaks in Fig. 1 but the highest phase content does not coincide with the
largest coercivity. The discrepancy suggests that magnetic properties of MnAl are not
only influenced by the τ-phase but also the microstructure. The coercivity is enhanced
by reducing size and increasing orientation of τ-MnAl grains [13, 29].
The annealing does not generally improve magnetic properties of (Mn55Al45)98C2
and (Mn55Al45)97C3. As an exception, the coercivity and remanent magnetization in the
case of 2% C are respectively increased to 1182 Oe and 7.32 emu/g by the subsequent
annealing at 550°C for 2 h, also the optimum condition for Mn55Al45 and
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(Mn55Al45)99C1. The (Mn55Al45)97C3 exhibit a similar annealing effect at 500°C to
Mn55Al45 in which the coercivity and magnetizations are reduced to the modest values.
The flash heating at a higher temperature for a shorter time was demonstrated by Fang
et al. [29]. Since the τ-MnAl peaks are still present in XRD spectra in Fig. 1d, this
adverse effect is likely due to the formation of twins and antiphase boundaries [4, 8].

a

b
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c

d

Fig. 2

– Hysteresis loops of: a) (Mn55Al45)100C0; b) (Mn55Al45)99C1;
c) (Mn55Al45)98C2; d) (Mn55Al45)97C3 after melting
and annealing at 450, 500, and 550°C for 2 h.
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Table 2
Magnetizations and coercivity of (Mn55Al45)100–xCx,
where x = 0, 1, 2, 3, before and after annealing
Mmax
(emu/g)

Mr
(emu/g)

14.88

0.40

4.83

450°C

11.52

2.55

775.74

500°C

4.86

0.42

39.32

550°C

11.67

3.71

1139.36

10.29

0.63

9.80

5.59
12.63
11.48

0.76
3.65
3.67

152.25
734.26
902.35

7.79

1.38

780.60

5.71
4.50
21.03

0.91
1.00
7.32

46.78
276.35
1182.45

14.36

3.85

1445.08

5.37
4.61
16.20

0.69
0.04
3.31

67.90
3.51
733.98

Samples
Before Annealing
(Mn55Al45)100C0

Annealing

Before Annealing
(Mn55Al45)99C1

Annealing

450°C
500°C
550°C

Before Annealing
(Mn55Al45)98C2

Annealing

450°C
500°C
550°C

Before Annealing
(Mn55Al45)97C3

Annealing

450°C
500°C
550°C

Hc
(Oe)

4. CONCLUSIONS

Heat treatments at 450–550°C for 2 h influence the  phase formation and
hence, magnetic properties of MnAl. The Mn55Al45 alloy from the induction
melting exhibits the modest coercivity of 4.83 Oe and remanent magnetization of
0.40 emu/g. The largest increase in both parameters occurs after annealing at 550°C,
corresponding to the ε→τ phase transformation. The addition of 1–3% C in MnAl
alloys modify the mixed phase and magnetic properties but the τ-MnAl is similarly
enhanced by the 2 h annealing. Interestingly, significant coercivities of 781 and
1445 Oe are respectively obtained in (Mn55Al45)98C2 and (Mn55Al45)97C3 alloyed by
the induction melting without subsequent annealing. These ferromagnetic properties
are consistent with the τ-MnAl peaks in XRD spectra.
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