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Fe78Co2Zr8Nb2B10−xGex (x = 0, 1, 2, 3) amorphous alloys were prepared by melt-
spinning and annealed at different temperatures. The microstructures and magnetic
property were investigated by X-ray diffraction (XRD), transmission electron microscopy
(TEM) and vibrating sample magnetometer (VSM), respectively. The crystallization
processes of Fe78Co2Zr8Nb2B10 amorphous alloy at different quenching rates are simi-
lar and complex. The α-Fe(Co) and α-Mn type phases are observed in their initial stage
of crystallization process. Hc increases with increasing annealing temperature in general.
Only α-Fe(Co) phase is observed in the initial stage of the crystallization processes of
Fe78Co2Zr8Nb2B10−xGex (x = 0, 1, 2, 3) alloys. The change trend of coercivity is com-
plex compared with Ge-free samples. The magnetic property of Fe78Co2Zr8Nb2B7Ge3
is better.

Keywords: Quenching rate; crystallization process; microstructure.

1. Introduction

Fe-based nanocrystalline alloys have attracted a great deal of attention from scien-

tists over the past several decades due to their excellent soft magnetic properties.

Among the Fe-based soft magnetic nanocrystalline systems, considerable attention

is devoted to the Fe–M–B type alloys (where M = Zr, Hf and Nb).1–3 The crystal-

lization processes of Fe–M–B type alloys have been reported extensively. While the

formation of crystalline phases in devitrified amorphous Fe–Zr–B alloys is still being

debated.4 The devitrification process of amorphous alloy is affected by adding al-

loy chemistry. Besides the α-Fe phase has been confirmed in devitrified amorphous

Fe–Zr–B based alloys,5 the formations of Fe23Zr6,
4 α-Mn type6 and H-phase7 crys-

talline phases have been reported.
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Suzuki8 showed that the addition of Ge element improved the Curie tem-

perature of FeZrBCu alloy. Sun9 reported that the addition of Ge element

stabled the residual amorphous phase of FeCoZrB alloys, inhibited the growth of

the grain size as well as to reduce the high temperature coercivity. In this paper,

Fe78Co2Zr8Nb2B10−xGex (x = 0, 1, 2, 3) amorphous alloys were prepared. The crys-

tallization processes and magnetic properties of Fe78Co2Zr8Nb2B10−xGex (x =

0, 1, 2, 3) amorphous alloys were studied.

2. Experimental Details

Fe78Co2Zr8Nb2B10 alloys prepared using single roller melt-spinning equip-

ment with copper wheel rotating at surface velocities of 32, 36 and 38 m/s.

Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) alloys were prepared at a surface velocity

of 38 m/s. The amorphous alloys were annealed at 500, 525, 550, 575, 600, 625,

650, 700, 750 and 800◦C for 1 h. Structural characterizations of samples were ex-

amined by X-ray diffraction (XRD, D/max 2500/PC, Cu-Kα, λ = 1.5406 Å) and

transmission electron microscopy (TEM, JEM-2100E). The grain size is calculated

by Scherrer formula D = 0.89λ/β cos θ (β indicates the width of half-height diffrac-

tion peak, θ is Bragg angle, λ is X-ray wavelength, D is grain size). The magnetic

property was performed by the vibrating sample magnetometer (VSM, Lake Shore

M-7407).

3. Results and Discussion

Figure 1 shows the XRD patterns of Fe78Co2Zr8Nb2B10 alloys at different quench-

ing rates for different annealing temperatures.

No crystalline peaks are observed in the XRD patterns of the three alloys

as-quenched. After annealing above 575◦C, some crystalline phases precipitate

from the amorphous matrix. Further increase of annealing temperature leads to

the increase of the intensity of crystalline phases. The crystallization processes of

Fe78Co2Zr8Nb2B10 amorphous alloys at different quenching rates are similar, com-

plex and interesting.

In order to investigate the crystallization process more clearly, XRD patterns

of alloy at a quenching rate of 32 m/s ranging from 575◦C to 800◦C were shown

in Fig. 2. The α-Fe(Co) and α-Mn type phases are observed in the initial stage

of crystallization process. The peaks of another phase at about 38◦, 41◦, 45◦ and

48◦ are observed at higher temperature, which is defined as λ phase reported by

Lyasotskii et al.10 The α-Mn type phase and λ phase disappear gradually with

increasing annealing temperature. The λ phase is another metastable phase in de-

vitrified amorphous Fe–Zr–B based alloy besides α-Mn type6 and H-phase7 reported

by us.

Figure 3 shows Ms and Hc of Fe78Co2Zr8Nb2B10 alloys at different quenching

rates as a function of annealing temperature (Ta). Both Ms and Hc of three alloys
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Fig. 1. XRD patterns of Fe78Co2Zr8Nb2B10 alloys at different quenching rates for different
annealing temperatures (a) 32 m/s, (b) 36 m/s and (c) 38 m/s.

increase with increasing annealing temperature in general. Due to the precipitation

of intermetallic compounds, Hc of the three alloys are all large above 575◦C.
In comparison, Fe78Co2Zr8Nb2B10 alloy at high quenching rate has highMs and

low Hc. Therefore, Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) amorphous alloys were

prepared at a high quenching rate (38 m/s).

XRD patterns of Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) amorphous alloys as-

quenched and annealed at different annealing temperatures are shown in Fig. 4.

The three alloys as-quenched all form amorphous. After annealing at 575◦C, the
alloy starts to crystallize into α-Fe(Co) phase and no other phases are detected

below 700◦C in Fe78Co2Zr8Nb2B9Ge1 alloy. The Ge doping simplifies the process of

crystallization of Fe78Co2Zr8Nb2B10 alloy. With increasing annealing temperature,

the diffraction peak intensity of α-Fe(Co) increases gradually. The Fe3Zr and Fe2B

phases are observed at the final crystallization stage. The crystallization processes of

Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) alloys are similar. The difference is that the
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Fig. 2. XRD patterns of Fe78Co2Zr8Nb2B10 alloy at a quenching rate of 32 m/s ranging from
575◦C to 800◦C.
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Fig. 3. Ms (a) and Hc (b) of Fe78Co2Zr8Nb2B10 alloys at different quenching rates as a function
of annealing temperature (Ta).

α-Fe(Co) phase already precipitates in the Fe78Co2Zr8Nb2B7Ge3 alloy annealed

at 550◦C. That is to say, the increase of Ge content promotes the nucleation of

α-Fe(Co) phase.
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Fig. 4. XRD patterns of Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) amorphous alloys as-
quenched and annealed at different annealing temperatures. (a) Fe78Co2Zr8Nb2B9Ge1,
(b) Fe78Co2Zr8Nb2B8Ge2 and (c) Fe78Co2Zr8Nb2B7Ge3.

Table 1. The crystallite size of α-Fe(Co) phase of Fe78Co2Zr8Nb2B9−xGex (x = 1, 2, 3)
amorphous alloys annealed at different annealing temperatures.

550◦C 575◦C 600◦C 625◦C 650◦C 700◦C 750◦C

Fe78Co2Zr8Nb2B9Ge1 — 11.2 11.9 13.0 15.7 17.1 30.8

Fe78Co2Zr8Nb2B8Ge2 — 11.7 12.5 13.3 15.9 17.4 25.3

Fe78Co2Zr8Nb2B8Ge3 9.6 12.2 12.9 13.5 17.6 18.9 34.9

Table 1 shows the crystallite size of α-Fe(Co) phase of Fe78Co2Zr8Nb2B10−x-

Gex (x = 1, 2, 3) amorphous alloys annealed at different annealing temperatures.

The crystallite size of three alloys all increases gradually with increasing annealing

temperature and keeps at the nanoscale.

Figure 5 shows Ms and Hc of Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) alloys as a

function of annealing temperature (Ta).

Ms of Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) alloys are similar as a function

of annealing temperature. Above 550◦C, Ms increases gradually with the increase

of α-Fe(Co) phases from the amorphous matrix. Above 525◦C, Hc increases first
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Fig. 5. Ms and Hc of Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) alloys as a function of annealing

temperature (Ta).

and then decreases, and increases at last. By comparing Fig. 5 and Fig. 2, we

can see that the coercivity lines are completely different. The coercivity is not a

monotonous function of the annealing temperature. The deterioration in Hc at

the beginning of the crystallization process is detected. The magnetic property of

Fe78Co2Zr8Nb2B7Ge3 is better.

TEM images and the corresponding selected area diffraction pattern for

Fe78Co2Zr8Nb2B9Ge1 alloy annealed at 575◦C are shown in Figs. 6(a) and 6(a’),

and annealed at 625◦C is shown in Fig. 6(b). The TEM image, the corre-

sponding selected area diffraction pattern and grain size distribution profile for

Fe78Co2Zr8Nb2B7Ge3 alloy annealed at 575◦C are shown in Figs. 6(c) and 6(d).

From SADP of Fe78Co2Zr8Nb2B9Ge1 alloy [Fig. 6(a)] and Fe78Co2Zr8Nb2B8Ge3
alloy [Fig. 6(c)], only the α-Fe(Co) phase is observed. However, the mor-

phologies of two alloys are different. The amplified TEM image [Fig. 6(a’)] of

Fe78Co2Zr8Nb2B9Ge1 alloy shows irregular aggregates of grains, not the “finemet”-

like structure. The special morphology results in the weak magnetic matrix between

nanocrystalline grains, soHc deteriorates at the beginning of the crystallization pro-

cess. The observed magnetic softening later is attributed to the increase of α-Fe(Co)

phase [Fig. 6(b)]. For Fe78Co2Zr8Nb2B8Ge3 alloy the α-Fe(Co) nanocrystallites em-

bed in residual amorphous phase liking “finemet” structure. The mean grain size

from grain size distribution profile is about 11.8 nm, which is close to the grain

size calculated by Scherrer’s formula (12.2 nm). The soft magnetic characteriza-

tion arises from the presence of intergranular magnetic coupling between adjacent
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Fig. 6. TEM image and the corresponding selected area diffraction pattern (SADP) for
Fe78Co2Zr8Nb2B9Ge1 alloy annealed at 575◦C (a), the amplified TEM image of the indicated
area (a’), TEM image of Fe78Co2Zr8Nb2B9Ge1 alloy annealed at 625◦C (b). TEM image and the
corresponding selected area diffraction pattern (SADP) for Fe78Co2Zr8Nb2B7Ge3 alloy annealed
at 575◦C (c), grain size distribution profile (d).

nanocrystals through the residual amorphous phase. The rapid increase in the Hc

of three alloys observed at 750◦C is assumed to the precipitation of Fe3Zr and Fe2B

phases.

4. Conclusion

(i) The crystallization processes of Fe78Co2Zr8Nb2B10 amorphous alloys with dif-

ferent quenching rates are similar and complex. The α-Fe(Co) and α-Mn type

phases are observed in their initial stage of crystallization process. Both Ms

and Hc of alloys increase with the increasing of annealing temperature.

(ii) The crystallization processes of Fe78Co2Zr8Nb2B10−xGex (x = 1, 2, 3) alloys

are similar. Only α-Fe(Co) phase is observed in their initial stage of the crys-

tallization process. Ms of three alloys increase with the increasing of annealing

temperature. The change trend of Hc is complex. A decrease of Hc is observed

at 600◦C in Fe78Co2Zr8Nb2B10−xGex (x = 1, 2) alloys. The magnetic property

of Fe78Co2Zr8Nb2B7Ge3 is better.
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