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Abstract: A series of FeZrB alloys with different nominal composition were prepared by melt-spinning and then annealed at their first 

crystallization temperatures. The thermal curve, microstructure and magnetic property of the alloys were investigated by simultaneous 

thermal analyzer (STA), X-ray diffraction (XRD), transmission electron microscopy (TEM) and vibrating sample magnetometer 

(VSM). The results show that the primary crystallization phases are different with the composition of FeZrB alloys changing. Four 

groups of primary crystallization phases can be observed in the alloys, i.e. α-Fe phase, α-Fe+Fe

12

Si

2

ZrB type phases, α-Fe+α-Mn type 

phases and α-Fe+Fe

2

B+ZrB phases, and their morphologies are different observed by TEM. The relations of saturation magnetization 

(M

s

) and coercivity (H

c

) for the alloys with different primary crystallization phases are as follows: M

s(α-Fe)

>M

s(α-Fe+α-Mn type) 

>M

s(α-Fe+Fe

2

B+ZrB)

>M

s(α-Fe+Fe

12

Si

2

ZrB-type)

 and H

c(α-Fe+α-Mn type)

>H

c(α-Fe+Fe

2

B+ZrB)

>H

c(α-Fe+Fe

12

Si

2

ZrB-type)

>H

c(α-Fe)

, respectively. 
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Fe-based amorphous and nanocrystalline soft materials are 

widely used in the field of power electronics and electrical 

engineering due to their excellent soft magnetic performance. 

Their magnetic property and microstructures have been 

extensively investigated over the past few decades

[1-4]

. 

Fe-based nanocrystalline soft materials with excellent soft 

magnetic property can be obtained by annealing the 

amorphous precursor into the composites of α-Fe nanograins 

surrounded by an amorphous layer (namely two-phase 

nanocrystalline structure). However, besides bcc α-Fe phase, 

other kinds of nanocrystalline phases have also been 

observed in the primary crystallization processes of Fe-based 

alloys. Structure transformations of Fe-B-Si, Fe-P-C, 

Fe-P-B-C alloy systems with various additions have been 

investigated by I. V. Lyasotskii and N. B. Dyakonova et al.

[5-8]

 

They reported that many metastable phases at the initial stage 

of devitrification, such as π-phase, χ-phase, σ-phase and 

H-phase, have tetrahedrally close packed (TCP) or aperiodic 

structures. It is noteworthy that the π-phase and χ-phase are 

the β-Mn type and α-Mn type phases, respectively, which can 

also be found in the Fe-Mo-(Cr)-C

[9-11]

 and Fe-Si-C

[12] 

amorphous alloy systems. In addition, the Cr

23

C

6

-type 

metastable Fe

23

B

6

 phase can be observed in the 

Fe-B-C-(Si)

[13]

, Fe-Nb-B

[14]

 and Fe-Ni-Nb-B

[15]

 amorphous 

alloy systems, and metastable χ-Cr

6

Fe

18

Mo

5

 and M

7

C

3

 phases 

can be seen in the Fe

50

Cr

15

Mo

14

C

15

B

6

 amorphous alloy

[16]

. 

Furthermore, other α-Mn type

[17-20]

, β-Mn type

[20, 21]

, 

σ-phase

[12]

, Fe

23

B

6

-type

[22-24]

 and χ-FeCrMo-like

[25]

 structure 

phases can be observed in other Fe-based alloy systems.  

NANOPERM Fe-Zr-B alloy system is one of the important 

systems for Fe-based soft magnetic alloys, and it can meet 

the demands for green energy-saving and environmental 

protection in preparation and application. However, to handle 

multicomponent alloys with more than three elements is 

complicated. To mitigate this issue, many researches on 

Fe-Zr-B alloy system have been employed

[26-32]

, and the 

primary crystallization phases of FeZrB alloys have been 

analyzed

[29-32]

. 
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In this work, different kinds of primary crystallization 

phases were observed in the FeZrB alloys with 76 at%~85 

at% Fe. The diagram of different primary crystallization 

phases for FeZrB alloys was given. The influence of 

composition changes on the microstructure of alloys was 

explored, and the relationship between the microstructure 

and magnetic properties of alloys with different primary 

crystallization phases were established. This work can help 

to effectively design composition of alloy to obtain 

materials with excellent soft magnetic performance. 

1  Experiment 

FeZrB alloy ribbons with nominal compositions of 

Fe

93-x

Zr

7

B

x

(x=8, 9, 10, 12, 14, 15), Fe

81

Zr

8

B

11

, 

Fe

91-x

Zr

9

B

x

(x=10, 12, 15), Fe

79.5

Zr

10

B

10.5

 and Fe

76

Zr

12+x

B

12-x 

(x=0, 3) were prepared using a single-roller melt-spinning 

equipment in an Ar atmosphere with a copper wheel 

rotating at a surface velocity of 38 m/s.  

The thermal curve was measured by simultaneous 

thermal analyzer (STA, 449F5). According to the STA 

curves, the as-quenched ribbons were annealed at the first 

crystallization temperature under vacuum conditions. 

Structural characterizations of samples were analyzed by 

X-ray diffraction (XRD, D/max 2500/PC, Cu-Kα, 

λ=0.15406 nm) and transmission electron microscopy 

(TEM, JEM-2100E). Grain size (D) of α-Fe was calculated 

by Scherrer equation D=0.89λ/βcosθ (λ is the X-ray 

wavelength, β is the width of half-height diffraction peak, 

and θ is the Bragg angle). Saturation magnetization (M

s

) 

and coercivity (H

c

) were investigated by vibrating sample 

magnetometer (VSM, Lake Shore M7407). 

2  Results and Discussion 

Fig.1 shows the XRD patterns of as-quenched FeZrB 

alloys with different nominal compositions. No crystalline 

peaks are observed in the as-quenched alloys of 

Fe

93-x

Zr

7

B

x

(x=8, 9, 10, 12, 14, 15), Fe

81

Zr

8

B

11

, 

Fe

91-x

Zr

9

B

x

(x=10, 12, 15), Fe

79.5

Zr

10

B

10.5

 and

 

Fe

76

Zr

12

B

12

. 

For the Fe

76

Zr

15

B

9

 alloy in the as-quenched state, the 

amorphous, α-Fe and α-Mn type phases can be observed. 

Fig.2 shows the STA traces of as-quenched FeZrB alloys 

with different nominal compositions. The number and 

location of crystallization peaks are different from each 

other. The STA traces of Fe

93-x

Zr

7

B

x

(x=8, 9, 10) alloys are 

similar to each other and the first crystallization peak is low 

and flat, as shown in Fig.2a. With increasing the B and Zr 

contents, the crystallization behavior changes and the first 

crystallization peak sharpens, as shown in Fig.2b and 2c. 

For Fe

76

Zr

15

B

9 

and Fe

76

Zr

12

B

12

 alloys, the temperatures of 

the first crystallization peak are higher than those of other 

alloys, as shown in Fig.2d. 

The as-quenched alloy ribbons were annealed at the first 

crystall ization temperature and the corresponding 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  XRD patterns of as-quenched FeZrB alloys with different 

nominal composition 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  STA traces of as-quenched FeZrB alloys with different 

nominal composition 

 

XRD patterns are shown in Fig.3. Compared with XRD 

patterns of as-quenched FeZrB alloys, those of the 

Fe

93-x

Zr

7

B

x

 (x=8, 9, 10) alloys obviously show the 

characteristic peak corresponding to α-Fe phase, as shown 

in Fig.3a. The characteristic peaks can verify that the 

Fe

12

Si

2

ZrB type phase appears as the primary crystallization 

phase besides α-Fe phase in Fe

93-x

Zr

7

B

x

(x=12, 14, 15), 

Fe

81

Zr

8

B

11

 and Fe

76

Zr

9

B

15

 alloys, as shown in Fig.3b. In 

addition, the α-Mn type phase exists in the Fe

91-x

Zr

9

B

x

(x=10, 

12) and Fe

79.5

Zr

10

B

10.5

 alloys

 

together with α-Fe phase as the 

primary crystallization phase (Fig.3c). For Fe

76

Zr

15

B

9 

and 

Fe

76

Zr

12

B

12

 alloys, the primary crystallization phases 

consist of α-Fe phase, Fe

2

B and ZrB (Fig.3d). The primary 

crystallization phases are different with the composition of 

FeZrB alloys changing. All XRD patterns can be divided 

into four groups according to the primary crystallization 

phases.  

Fig.4 gives the diagram of primary crystallization phases 

for FeZrB alloys with 76 at%~85 at% Fe (It is noteworthy 

that the alloy composition is nominal). The atomic radius of 

Fe, Zr and B is 0.124, 0.159 and 0.098 nm, and the electro 

negative of Fe, Zr and B is 1.83, 1.33 and 2.04, respectively. 
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Fig.3  XRD patterns of FeZrB alloys annealed at the first 

crystallization temperature 

 

Because of the great difference in atomic radius and 

electronegative between elements, the locations of atoms in 

the alloy system are easy to exchange. The formation of the 

different primary crystallization phases depends on the 

number and arrangement of neighbouring B and Zr atoms 

around Fe atoms. Therefore, the formation of the primary 

crystallization phase is quite sensitive to the composition 

change of alloys, and the primary crystallization phases of 

Fe-Zr-B alloys are listed in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Diagram of primary crystallization phases for FeZrB 

alloys with 76 at%~85 at% Fe 

 

Table 1  Primary crystallization phases of FeZrB alloys 

Nominal composition Primary crystallization phases 

Fe

93-x

Zr

7

B

x

(x=8, 9, 10) α-Fe phase 

Fe

93-x

Zr

7

B

x

(x=12, 14, 15), 

Fe

81

Zr

8

B

11

, Fe

76

Zr

9

B

15

 

α-Fe and Fe

12

Si

2

ZrB type phases 

Fe

91-x

Zr

9

B

x

(x=10, 12), 

Fe

79.5

Zr

10

B

10.5

 

α-Fe and α-Mn type phases 

Fe

76

Zr

12+x

B

12-x

(x=0, 3) α-Fe, Fe

2

B and ZrB 

 

For Fe

93-x

Zr

7

B

x

 (x=8, 9, 10) alloys, only the α-Fe phase with 

a body-centered structure precipitates from the amorphous 

matrix. The grain size of alloys annealed at the first 

crystallization temperature is 18.3, 17.9 and 15.6 nm, 

respectively. With increasing the B and Zr contents, different 

types of primary crystallization phases are observed. The 

formation of specific phases is associated with three following 

aspects

[6]

: similarity between local structures of the metastable 

and amorphous phases, high activation barriers for long range 

rearrangement necessary for formation of primary phases in 

stable supercooled liquid and surface energy. The Fe

12

Si

2

ZrB 

-type phase has been observed in the Fe

93-x

Zr

7

B

x

(x=12, 14, 15), 

Fe

81

Zr

8

B

11

 and Fe

76

Zr

9

B

15 

alloys, and the the volume fraction 

of Fe

12

Si

2

ZrB -type phase is proportional to the content of B. In 

addition, the α-Mn type phase, which is a metastable phase with 

a body-centered symmetry structure

[19]

, can be observed in 

Fe

91-x

Zr

9

B

x

 (x=10, 12) and Fe

79.5

Zr

10

B

10.5

 alloys. For the 

Fe

76

Zr

12+x

B

12-x

 (x=0, 3) alloys with the higher content of Zr and 

B, the primary crystallization phases are Fe

2

B and ZrB phases 

besides α-Fe phase. 

The XRD patterns of Fe

84

Zr

7

B

9

, Fe

78

Zr

7

B

15

, Fe

81

Zr

9

B

10

 

and Fe

76

Zr

12

B

12

 alloys annealed at the first crystallization 

peak temperature, which have typical primary 

crystallization phases, are shown in Fig.5. 

TEM images of Fe

84

Zr

7

B

9
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7

B
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, Fe

81
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9

B

10

 and 

Fe

76
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B

12

 alloys annealed at the first crystallization tem- 
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Fig.5  XRD patterns of as-quenched Fe

84

Zr

7

B

9

, Fe

78

Zr

7

B

15

, 

Fe

81

Zr

9

B

10

 and Fe

76

Zr

12

B

12

 alloys annealed at first 

crystallization temperature 

perature are shown in Fig. 6. The morphologies are 

significantly different from each other. For Fe

84

Zr

7

B

9

 

alloy (Fig.6a), the grains distributing in the amorphous 

matrix have the grain size in the range of 7~20 nm. For 

Fe

78

Zr

7

B

15 

alloy (Fig.6b), the grains are in different 

sizes. The grains agglomerate and distribute non- 

uniformly in the Fe

81

Zr

9

B

10

 alloy (Fig.6c). The grains 

show the irregular-shape in the Fe

76

Zr

12

B

12

 alloy (Fig. 

6d). 

The saturation magnetization (M

s

) and coercivity (H

c

) of 

FeZrB alloys annealed at the first crystallization 

temperature are given in Fig.7. Alloys with different 

primary crystallization phases have different magnetic 

properties due to their different microstructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  TEM images of Fe

84

Zr

7

B

9

 (a), Fe

78

Zr

7

B

15

 (b), Fe

81

Zr

9

B

10

 (c) and Fe

76

Zr

12

B

12

 (d) alloys annealed at first crystallization temperature 

 

For the Fe

93-x

Zr

7

B

x

 (x=8, 9, 10) alloys, the primary 

crystallization phase is only α-Fe phase with a high 

crystallization volume fraction. The value of M

s

 is 

proportional to the crystallization volume fraction of α-Fe 

phase; therefore, Fe

93-x

Zr

7

B

x

(x=8, 9, 10) alloys have the 

highest M

s 

in the present work. Moreover, the low H

c

 is 

mainly affected by the exchange-softening effect when the 

grain size is lower than the ferromagnetic exchange 

correlation length

[33]

. The grain size of Fe

93-x

Zr

7

B

x

(x=8, 9, 

10) alloys annealed at the first crystallization temperature 

are all lower than the ferromagnetic exchange correlation 

length (approximately 20~40 nm)

[34]

. Therefore, 

Fe

93-x

Zr

7

B

x

(x=8, 9, 10) alloys have the lowest H

c

 in the 

present work.

 

For other alloys, the crystallization volume 

fraction of α-Fe phase is lower accompanied by other 

crystallization phases appearing and increasing. The 

precipitation of different primary crystallization phases 

causes a change of magnetocrystalline anisotropy values 

and then affects H

c

. For Fe

93-x

Zr

7

B

x

(x=12, 14, 15), 

Fe

81

Zr

8

B

11

 and Fe

76

Zr

9

B

15 

alloys, the primary crystallization 

phases contain the α-Fe phase and Fe

12

Si

2

ZrB -type phase, 

where the Fe

12

Si

2

ZrB-type phase is a weaker ferromagnetic 

phase

[35,36]

. Therefore, the H

c

 of these alloys does not 

obviously increases even though the content of 
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Fe

12

Si

2

ZrB-type phase is high. For Fe

91-x

Zr

9

B

x

(x=10, 12) 

and Fe

79.5

Zr

10

B

10.5

 alloys, the crystallization phases contain 

the α-Fe phase and α-Mn type phase, where the α-Mn type 

phase is considered to be a metastable hard magnetic phase, 

and the H

c

 of alloys containing such phase is high

[30, 36, 37]

. 

For Fe

76

Zr

12+x

B

12-x

(x=0, 3) alloys, the primary crystalliza- 

tion phases containing the α-Fe phase and the Fe

2

B phase 

which is the hard magnetic phase, resulting in the 

deterioration of the soft magnetic property

[38]

, even though 

the content of Fe

2

B phase is tiny. Overall, the relations of 

saturation magnetization (M

s

) and coercivity (H

c

) for the 

four groups of alloys with different primary crystallization 

phases in this work are as follows in general: 

M

s(α-Fe)

>M

s(α-Fe+α-Mn type)

> M

s(α-Fe+Fe

2

B+ZrB)

>M

s(α-Fe+

Fe

12

Si

2

ZrB

-type) 

and H

c(α-Fe+α-Mn type)

> H

c(α-Fe+Fe

2

B+ZrB)

>H

c(α-Fe+

 Fe

12

Si

2

ZrB

-type)

>H

c(α-Fe)

. 
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Fig.7  Saturation magnetization (M

s

) (a) and coercivity (H

c

) (b) 

of FeZrB alloys annealed at the first crystallization 

temperature 

 

3 Conclusions 

1) FeZrB alloys with 76 at%~85 at% Fe were prepared 

by melt-spinning and annealed at the first crystallization 

temperatures.  

2) Because of the great difference values of atomic radius 

and electronegative between elements, the locations of 

atoms in the alloy system are easy to exchange. The 

formation of the primary crystallization phase is quite 

sensitive to the composition of the alloys. Four groups of 

primary crystallization phases are observed in the alloys 

with different composition, i.e. α-Fe phase, α-Fe+ 

Fe

12

Si

2

ZrB-type phases, α-Fe+α-Mn type phases and 

α-Fe+Fe

2

B+ZrB phases, and those primary crystallization 

phases have different morphologies.  

3) The magnetic properties of alloys with different 

primary crystallization phases are different from each other. 

For the alloys with the crystallization phases containing 

Fe

12

Si

2

ZrB-type, α-Mn type or Fe

2

B and ZrB phases, M

s

 is 

lower and H

c

 is greater, compared with those of alloys with 

the primary crystallization phase being only α-Fe phase. 

The relations of saturation magnetization (M

s

) and 

coercivity (H

c

) for the alloys with different primary 

crystallization phases in this work are as follows in general: 

M

s(α-Fe)

>M

s(α-Fe+α-Mn type)

>M

s(α-Fe+Fe

2

B+ZrB)

>M

s(α-Fe+

Fe

12

Si

2

ZrB

-type)

 and 

H

c(α-Fe+α-Mn type)

>H

c(α-Fe+Fe

2

B+ZrB)

>H

c(α-Fe+

 Fe

12

Si

2

ZrB

-type) 

>H

c(α-Fe)

.  
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