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Abstract. Mn-Ga-based alloy system has exhibited hard magnetic properties, although this alloy 

system contains no rare earth elements. However, magnetic parameters of Mn-Ga alloys have 

not yet been comparable to those of rare earth magnets such as Nd-Fe-B, Sm-Co, etc. Therefore, 

enhancement of the magnetic properties of the Mn-Ga-based alloys has interestingly been 

researched by scientists in the world. Partial replacement of both the Ga and Mn by other 

elements (Al, Cu, Bi, Cr, etc.) with suitable synthesis conditions (annealing temperature, 

annealing time, etc.) have shown improvement in the magnetic properties of the Mn-Ga-based 

alloys. In this paper, we investigated the effect of Al concentration and annealing conditions on 

the structure and magnetic properties of Mn65Ga25-xAl10+x (x = 0, 5 and 10) alloy ribbons 

prepared by melt-spinning method. Crystalline phases of MnAl, D019-type Mn3Ga and D022-type 

Mn3Ga were found in all the ribbons. The D022-type Mn3Ga hard magnetic phase is dominated 

by appropriate Al concentration and annealing conditions. Coercivities, Hc, greater than 10 kOe 

were achieved on the alloys at an optimal annealing temperature and time of 650 
o
C and 1 h, 

respectively. The obtained results show applicability of the Mn-Ga-based alloys as a new kind of 

rare earth-free hard magnetic materials in applications. 
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1. INTRODUCTION  
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Due to the increasing demand for hard magnetic materials in modern life (motors, 

generators, computers, phones, cars, refrigerators, etc.) and the limited availability of resource 

and exploitation, rare earth elements have their cost soar and become national strategy materials. 

Therefore, producing rare earth-free hard magnetic materials with their features meeting the 

application requirements will avoid high costs and uncertain rare earth supplies. Recent studies 

around the world have shown a great potential for practical applications of a new generation of 

rare earth-free hard magnetic materials [1-7]. Besides, rare earth-free hard magnetic materials 

have other advantages (stability, easy processing, etc.) that rare-earth-containing materials do 

not have. Among them, Mn-based magnets (Mn-Bi, Mn-Al and Mn-Ga) have attracted the 

attention of many researchers [8-16]. Especially, with Curie temperature above room 

temperature and high magnetic anisotropy, Mn-Ga magnets have many application potentials for 

magnetoelectronic equipments [17-20]. There are some methods such as melt-spinning, arc-

melting, high-energy mechanical milling, etc. which are used to fabricate Mn-Ga magnets in 

various forms (bulk, ribbon, nanocomposites, etc.). Among these methods, the melt-spinning 

method is the most important because it can be easily used to produce a large amount of 

materials for practical applications. It is well known that, the magnetic properties of materials 

are strongly sensitive to their microstructure, which is determined by composition and 

fabrication conditions. The rapid quenching method can create the desired microstructure in 

combination with the annealing process. That means the desired structure formation can be 

easily controlled by technological conditions. Therefore, melt-spinning is an appropriate method 

to fabricate Mn-Ga-based materials.  

Previous studies have shown that the phase formation in Mn-Ga-based alloys is rather 

complicated [21 - 23]. The Mn3Ga phase is formed with various types of crystalline structures 

including tetragonal (L10), hexagonal (D019), tetragonal (D022) and cubic (disordered Cu3Au-

type structure). The formation of these crystalline phases depends on elemental compositions 

and annealing conditions. The hexagonal D019 and the tetragonal D022 are two phases which 

appear crucially in Mn-Ga magnets. At room temperature, the D019-type Mn3Ga phase is 

antiferromagnetic, which is easily formed because of its stability. Meanwhile, the D022-type 

Mn3Ga ferromagnetic phase, which has low saturation magnetization (Ms = 110 emu/cm
3
), high 

perpendicular anisotropy with a uniaxial anisotropy constant of Ku = 0.89 MJ/m
3

 and high Curie 

temperature (TC = 765 K) plays an important part in the hard magnetic properties of Mn-Ga 

magnets [24, 25]. As reported in [26, 27], the hard magnetic phases in Mn-Ga binary alloys are 

usually formed with long annealing time. So far, magnetic parameters of Mn-Ga melt-spun 

ribbons, especially their coercivity, have not yet been comparable to those of rare earth-based 

permanent magnets. Therefore, moreover enhancement of magnetic properties of this kind of 

magnets is still in focus for research. Previous works [28 - 33] indicated that the coercivity of 

Mn-Ga magnets can reach over 10 kOe by the addition of a small amount of Al, Cr, Fe, Cu, etc. 

Magnetic properties of these magnets are also significantly enhanced by applying appropriate 

technological conditions such as intermediate phase creating, interrupt-annealing, multi-

annealing, etc. Saito T. et al. reported that the coercivity of Mn65Ga15Al20 ribbons annealed at 

700 
o
C for 1 h increased from 5 to 9 kOe [29]. Partial replacement of Ga by Al forms a new 

cubic phase, which improves the hard magnetism of the sample. At the same time, Al also 

reduces the particle size, which is generally better for generating high coercivity. As for Cu 

addition, the coercivity reached 20 kOe for the bulk Mn55.2Ga19Cu25.8 alloy annealed at 800 
o
C 

for 24 h [30]. The formation of Cu-rich nonmagnetic boundary phase creates magnetic isolation 

for the matrix region or pinning sites for magnetic domain walls leading to high coercivity. In 

another research [32], by adding Cr to the milled Mn3Ga compound, a new Cr3Ga4 binary phase 

is obtained. Annealing at 350 
o
C for 60 h changes the crystalline phases of the material and 
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affects its magnetic properties. The obtained results show that the saturation magnetization 

increases but the coercivity decreases.  

In this work, the nonmagnetic Al element was selected to partially replace Ga in alloys 

prepared by rapid quenching method to further improve their coercivity. The influence of Al 

concentration and annealing process on the structure and magnetic properties of Mn65Ga25-xAl10+x 

(x = 0, 5 and 10) alloy ribbons was investigated.   

2. EXPERIMENTAL 

Pre-alloys with nominal composition Mn65Ga25-xAl10+x (x = 0, 5 and 10) were prepared from 

pure metals Mn, Ga and Al on an arc-melting furnace. Because Mn is evaporated during arc-

melting, an excess of 15 wt.% of Mn was added to the nominal composition. This compensation 

amount of Mn was determined based on the loss of about 3 wt.% of Mn after each time of arc-

melting under the same preparation conditions and each sample was arc-melted five times to 

ensure homogeneity. After arc-melting, the pre-alloys were used to fabricate ribbons on a melt-

spinning system at the same tangential velocity, v = 20 m/s, of the copper roller. The obtained 

ribbons were annealed at various temperatures of 550 
o
C, 600 

o
C, 650 

o
C, 700 

o
C and 750 

o
C for 

1 h. All the arc-melting, melt-spinning and annealing processes were performed under Ar 

atmosphere to avoid oxygenation process. The structure of the materials was analyzed by X-ray 

diffraction method on an Equinox 5000 - Thermo Scientific instrument with Cu-Kα radiation 

source (λ = 1.5406 Å). The magnetization measurements on both the pulsed field and vibrating 

sample magnetometers were used to investigate the magnetic properties of the samples.  

3. RESULTS AND DISCUSSION 

XRD patterns of the as-quenched Mn65Ga25-xAl10+x (x = 0, 5 and 10) ribbons with a 

thickness of 45 m are shown in Figure 1a. The structure of all the ribbons is similar. Their 

XRD patterns manifest a multiphase structure. The diffraction peaks appearing on the XRD 

patterns correspond to MnAl, D022-type Mn3Ga and D019-type Mn3Ga phases. However, the 

diffraction peaks of MnAl phase are dominant. The intensity of the MnAl peaks increases with 

increasing Al concentration from 10 % (x = 0) to 20 % (x = 10). At 2 angle of 41.5
o
, there is a 

superposition of two diffraction peaks corresponding to the crystalline phases of MnAl and 

D019-type Mn3Ga. Only one diffraction peak corresponding to the D022-type Mn3Ga phase is 

found for the as-quenched ribbons with all the concentrations of Al. On the other hand, the 

intensity of the D022-type Mn3Ga characteristic peaks is very weak, i.e. the volume fraction of 

this phase in the as-quenched ribbons is small. As mentioned in the introduction section, the 

D022-type Mn3Ga crystalline phase is a ferromagnetic phase that causes high coercivity for Mn-

Ga based alloys. The crystalline structure of this alloy system is very susceptible to change. 

During the annealing process, in addition to the increasing fraction of crystalline phase, the 

atoms also diffuse and replace other positions in the lattice cell. Therefore, the lattice constant 

can be changed leading to the displacement of diffraction peaks. In order to enhance the volume 

fraction of this hard magnetic crystalline phase, the ribbons were annealed under various 

conditions to obtain the optimal structure for the material. The annealing temperature, Ta, was 

varied from 550 to 750 
o
C and the annealing time, ta, was kept for 1 h.  

Figure 1b shows XRD patterns of the Mn65Ga25-xAl10+x ribbons annealed at 650 
o
C for 1 h. 

We can see that, the crystalline phases are significantly changed after annealing process. The 

intensity of the diffraction peaks of all the crystalline phases is sharper after annealing. That 
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means the crystalline phases are recrystallized from the amorphous phase in the alloy ribbons. 
However, the recrystallization of the crystalline phases is different. The number of diffraction 

peaks characterizing the D022-type Mn3Ga phase increases clearly after annealing. On the other 

hand, the intensity of these D022-type Mn3Ga peaks is also increased. It should be noted that 

when the concentration of Al is increased from 10 % to 20 %, the D022-type Mn3Ga crystalline 

phase dominates and reaches its maximal volume fraction at 15 % of Al. Daniel R. B. et al. have 

shown that the formation of this phase can be beneficial for the hard magnetic property of the 

material [20]. Thus, annealing process for Mn-Ga based ribbons is an effective method to 

enhance the D022-type Mn3Ga phase. Selecting the optimal annealing regime will limit the 

formation of undesired phases. The recrystallization of the crystalline phases during annealing 

affects the magnetic properties of the alloy ribbons. Figure 2 shows hysteresis loops of the as-

quenched Mn65Ga25-xAl10+x (x = 0, 5 and 10) ribbons. The coercivity and saturation 

magnetization are rather small, below 0.6 kOe (see the inset of Figure 2) and 1.5 emu/g, 

respectively for the as-quenched ribbons. The magnetization in the magnetic field H = 12 kOe, 

M12kOe, decreases when increasing x from 0 to 10. Meanwhile, the coercivity reaches its maximal 

value with x = 5. 

 
 

a) b) 

Figure 1. XRD patterns of the as-quenched (a) and annealed (b) Mn65Ga25-xAl10+x (x = 0, 5 and 10) 

ribbons.  

-1.5

-1

-0.5

0

0.5

1

1.5

-12 -8 -4 0 4 8 12

x = 0

x = 5

x = 10

M
 (

e
m

u
/g

)

H (kOe)

-0.04

-0.02

0

0.02

0.04

-1.2 -0.6 0 0.6 1.2

x = 0
x = 5
x = 10M

 (
e
m

u
/g

)

H (kOe)

o x = 0

x = 5

x = 10

.

 

Figure 2. Hysteresis loops of the as-quenched Mn65Ga25-xAl10+x (x = 0, 5 and 10) ribbons. The inset is the 

enlarged hysteresis loops in low external magnetic field range. 
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Figure 3. Hysteresis loops of the Mn65Ga25-xAl10+x (x = 0, 5 and 10) ribbons annealed at various 

temperatures of 550 
o
C (a), 600 

o
C (b), 650 

o
C (c), 700 

o
C (d), and 750 

o
C (e) for 1 h.  

Hysteresis loops of the Mn65Ga25-xAl10+x ribbons annealed at 550 
o
C, 600 

o
C, 650 

o
C, 700 

o
C 

and 750 
o
C for 1 h are shown in Figure 3. We can realize that the annealing temperature clearly 
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affects the magnetic properties of the alloys. The hysteresis loop of all the samples greatly 

expands after annealing at all temperatures. That means the phase, which characterizes the hard 

magnetic property of the material, was formed during the annealing process resulting in an 

increase in the coercivity of the ribbons. Both the coercivity and magnetization of the samples 

are significantly increased after annealing. Hc increases above 10 kOe for the sample with x = 5 

and the saturation magnetization exceeds 50 emu/g for the sample with x = 0. Thus, 

ferromagnetic behavior is developed in the annealed samples. This is in good concordance with 

the obtained results from the XRD patterns in Figure 1b. The volume fraction of the D022-type 

Mn3Ga phase considerably increases after annealing process. The highest coercivity was 

achieved on the sample with the maximal volume fraction of the D022-type Mn3Ga phase. The 

saturation magnetization of the samples was also observed to depend on the annealing process. 

With appropriate annealing regimes and concentrations of Al, the saturation magnetization of the 

alloys can be increased tens of times compared to that of the as-quenched ones.  

Figure 4 shows the dependence of coercivity, Hc, and saturation magnetization, Ms, of the 

samples on annealing temperature. We can see that with increasing annealing temperature from 

550 
o
C to 750 

o
C, the saturation magnetization of the sample with x = 5 decreases 

monotonically, while this quantity of the samples with x = 5 and x = 10 reaches the maximum 

value at 650 
o
C. However, the saturation magnetization of all the samples annealed at 

temperature of 650 °C do not change much compared to those annealed at lower temperatures. 

In general, the saturation magnetization of the alloys with all the investigated concentrations of 

Al can be significantly enhanced by annealing at 650 °C. The highest saturation magnetization 

of 50.8, 18.6 and 6.2 emu/g was obtained for the alloy with Al concentrations of 10 %, 15 % and 

20 %, respectively. As for the coercivity, its variation with Al concentration is different from 

that of the saturation magnetization. From Figure 4b, we can see that the coercivity of the 

ribbons is greatly enhanced when the concentration of Al increases from 10 % to 15 %. On the 

other hand, each of the alloys with different concentrations of Al has its own optimal annealing 

temperature, where the crystalline structure of the alloys is optimally formed leading to the best 

performance for the hard magnetic material. For example, the alloys with x = 0 and 5 have the 

optimal annealing temperature of 650 
o
C and their highest coercivity is 6.2 kOe and 10.5 kOe, 

respectively. When the annealing temperature is higher than 650 
o
C, not only fraction of the 

crystalline phase but also the grain size increases rapidly, exceeding the size of single domain 

(optimal for coercivity), leading to a decrease in coercivity. Meanwhile, the highest coercivity of 

7.7 kOe for the sample with x = 10 was obtained at the optimal annealing temperature of 600 
o
C. 

The obtained results are in good agreement with the study of Saito T. et al. [25]. The opposite 

variation trends of the coercivity and the saturation magnetization can be explained as follows. 

When the volume fraction of the D022-type Mn3Ga ferromagnetic phase increases, the coercivity 

of the alloy is enhanced. As the D019-type Mn3Ga antiferromagnetic phase increases, the 

saturation magnetization of the alloy is reduced. The formation of these two crystalline phases 

depends on Al concentration and annealing temperature. For the D019-type Mn3Ga 

antiferromagnetic crystalline phase, its volume fraction increases with Al concentration. 

Therefore, the saturation magnetization of the alloy decreases as the Al concentration increases. 

As for the D022-type Mn3Ga ferromagnetic phase, its volume fraction is maximized with an Al 

concentration of 15 % (x = 5) leading to the maximum coercivity of the alloy. In order to obtain 

both high saturation magnetization Ms and coercivity Hc, it is necessary to simultaneously 

increase the phases with high Hc and Ms. That means to reduce the formation of 

antiferromagnetic phase with low Hc and Ms. On the other hand, controlling the particle size of 

the hard magnetic phase increases Hc without reducing Ms. 
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Figure 4. Dependence of saturation magnetization Ms (a) and coercivity Hc (b) 

on annealing temperature Ta of the Mn65Ga25-xAl10+x (x = 0, 5 and 10) alloys. 

Table 1. Comparison of the magnetic properties of the Mn65Ga25-xAl10+x (x = 0, 5 and 10) alloy ribbons 

studied in this work with those of the previously reported Mn-Ga added magnets. 

Nominal 

composition 

v (m/s) Ta (
o
C) ta (h) Ms 

(emu/g) 

Hc 

(kOe) 

Reference 

Mn65Ga25Al10 20 650 1 50.8 1.7 This work 

Mn65Ga20Al15 20 650 1 20 10.5 This work 

Mn65Ga15Al20 20 650 1 6.2 7.7 This work 

Mn65Ga35 40 300 1 - 2.5 [31] 

Mn65Ga30Cu5 40 300 1 - 5.6 [31] 

Mn65Ga25Cu10 40 300 1 - 15.7 [31] 

Mn65Ga20Cu15 40 300 1 - 2.2 [31] 

Mn65Ga15Cu20 40 300 1 - 1.7 [31] 

Mn65Ga30Al5 50 700 1 28 4.7 [29] 

Mn65Ga25Al10 50 700 1 31 3.1 [29] 

Mn65Ga20Al15 50 700 1 18 7.5 [29] 

Mn65Ga15Al20 50 700 1 11 9.1 [29] 

Mn65Ga10Al25 50 700 1 9 4.9 [29] 

Table 1 shows a comparison of the magnetic properties of the alloy ribbons in this work and 

the previously reported Mn-Ga added magnets. Each composition has its own optimal 

technological conditions and different magnetic parameters. Our obtained results show that the 

values of Hc and Ms are quite high compared with those of the same composition from other 

research groups.  
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4. CONCLUSIONS 

The influence of Al concentration and annealing process on the structure and magnetic 

properties of the Mn65Ga25-xAl10+x (x = 0, 5, and 10) ribbons was investigated. The formation of 

the D022-type Mn3Ga hard magnetic phase is strongly dependent on both Al concentration and 

annealing temperature. The highest saturation magnetization of 50.8 emu/g is obtained for the 

alloy with an Al concentration of 10 at%, while the coercivity reaches a maximal value of 10.5 

kOe with an Al concentration of 15 at%. In general, annealing at 650 
o
C for 1 h is optimal for the 

alloys. 
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