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Abstract The effect of heating rate on the structural

and magnetic properties of the nanocrystalline Fe81Si4
B12P2Cu1 alloy has been investigated. Amorphous

Fe81Si4B12P2Cu1 alloy was annealed at 753 K for 180 s at

different heating rates ranging from 0.05 to 5 K/s in pro-

tective argon atmosphere. The structural and magnetic

properties of the as-quenched and annealed alloys were

studied using X-ray diffractometer (XRD), differential

scanning calorimeter (DSC), vibrating sample magnetom-

eter (VSM), and B–H loop tracer, respectively. Amorphous

precursor prepared by industry-grade raw materials is

obtained. The increase of heating rate is found to be sig-

nificantly effective in decreasing the grain size of a-Fe(Si)

phase, but the grain size increases at higher heating rate.

The volume fraction of a-Fe(Si) phase shows a monotonic

decrease with the increase of the heating rate. The coer-

civity Hc markedly decreases with increasing heating rate

and exhibits a minimum at the heating rate of 0.5 K/s,

while the saturation magnetization, Ms, shows a slight

decrease. These results suggest that the effect of heating

rate on Hc and Ms is originated from the changes of grain

size and the volume fraction of a-Fe(Si) phase.

Introduction

Nanocrystalline alloys have been extensively studied

because of their promising technological applications

[1–4]. Considerable attention is devoted to the Fe-based

soft magnetic nanocrystalline materials such as Finemet-

type nanocrystalline alloys [1], Nanoperm-type nanocrys-

talline alloys [5], and Hitperm-type nanocrystalline alloys

[6], which show excellent soft magnetic properties: high-

saturation magnetic induction like Fe-based metallic glas-

ses, high permeability like cobalt-based metallic glasses

[7], and high electrical resistivity leading to low eddy

current losses, making these materials useful for various

soft magnetic applications [8–10]. Recently, Makino et al.

[11–13] reported FeSiBCuP nanocrystalline soft magnetic

alloys with higher Bs of around 1.88–1.94 T. The simul-

taneous addition of P and Cu drastically decreases the grain

size originating from the mixing enthalpy [DH] between

the constituent elements, and the elimination of transition

metals such as Nb is helpful not only to reduce costs but

also to produce the alloys in air.

Alloys with a microstructure of small nanocrystallites

(10–20 nm) embedded in amorphous matrix are usu-

ally obtained by annealing the as-quenched amorphous

[8, 14–16] alloys above their crystallization temperature.

The improvement of the soft magnetic properties for var-

ious nanocrystalline alloys strongly depends on the average

grain size, D, which gives rise to the significant decrease of

the effective magnetic anisotropy [17] and a suitable vol-

ume fraction of a-Fe(Si) nanocrystallites in the materials

which results in the compensation of the net magneto-

striction of two phases (positive magnetostriction of the

amorphous phase and negative magnetostriction of the

nanocrystalline a-Fe(Si) phase) [18]. The average grain

size, D, and the volume fraction of nanocrystallites,

Vcr, vary significantly with the annealing conditions

[14, 19, 20]. Studying the effect of annealing conditions on

the structure of the alloy is helpful not only to realize the

origin of excellent soft magnetic properties but also to

optimize the heat-treatment conditions. In the present
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work, we report the heating rate dependence of micro-

structural and magnetic properties of FeSiBCuP-type alloy

composed of a nanocrystalline phase in an amorphous

matrix. For the economical and functional purpose, the

ribbon was prepared from industry-grade raw materials,

which will not limit its potential large-scale applications

caused by the high cost of purity materials.

Experimental

Alloy ingots of nominal composition Fe81Si4B12P2Cu1

were produced by arc-melting of industry-grade raw

materials: Fe, Fe–B, Fe–P, Cu, and Si in high purity argon

atmosphere.

The rapidly solidified ribbons (typical dimension of

about 20 lm thick and 1.2 mm wide) were prepared by a

single-roller melt-spinning method at a wheel speed of

40 m/s under purity argon atmosphere. The cooling rate

was high enough to ensure amorphous state in the ribbons.

The nanocrystalline alloys composed of a nanocrystalline

phase embedded in an amorphous matrix were obtained by

annealing the as-quenched amorphous ribbons in suitable

heat-treatment conditions.

The structures of the as-quenched and the annealed

ribbons were examined by XRD using Cu Ka1 radiation.

The mean grain size, D, of the a-Fe(Si) phase was evalu-

ated by using the Scherrer formula from the full width at

half maximum of the bcc (110) X-ray diffraction peak.

Differential scanning calorimeter (DSC) measurement with

increasing temperature at a heating rate of 25 K/min in N2

atmosphere was used to find out a proper annealing regime

for the as-quenched amorphous ribbon sample. The as-spun

sample was heat treated at 753 K for 180 s in protective

argon atmosphere with heating rates from 0.05 to 5 K/s,

and then quickly cooled to room temperature. B–H loop

tracer and vibrating sample magnetometer (VSM) were

used to measure the hysteresis loops of the as-cast and

thermally annealed samples in order to obtain coercive

field (Hc) and saturation magnetization (Ms), respectively.

All the magnetic measurements were carried out at room

temperature.

Results and discussion

Microstructure and thermal properties

of the as-quenched alloy

Figure 1 shows the representative XRD pattern of

Fe81Si4B12P2Cu1 alloy in its as-quenched state. Only one

broad peak around 2h = 45� is exhibited, which is known

as a diffuse halo. No peaks corresponding to the presence

of crystalline phases are observed. This indicates that a

single amorphous phase is formed in as-quenched ribbon.

Thermal analysis was carried out with a differential

scanning calorimeter in N2 flow at 25 K/min up to 973 K,

which is used to evaluate the crystallization of an amor-

phous ribbon. The typical DSC curve is plotted in Fig. 2.

Two exothermic peaks corresponding to the different

crystallization events are detected during heating process

with an interval of 100.5 K between them. The first and the

second exothermic peaks are associated to the primary

crystallization of the nanocrystalline phase from amor-

phous phase and to the transformation from a-Fe(Si) to

FeB compounds, respectively. According to the DSC

result, as-cast amorphous alloy was annealed at 753 K for

180 s in protective argon atmosphere with different heating

Fig. 1 XRD pattern of the Fe81Si4B12P2Cu1 amorphous alloy

Fig. 2 DSC curve of Fe81Si4B12P2Cu1 alloy, obtained at a heating

rate of 25 K/min in N2 atmosphere
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rates to achieve the nanocrystalline materials with a-Fe(Si)

phase and free from FeB compounds.

Microstructural analysis of crystallized alloys

from hetero-amorphous phase

Figure 3 shows the XRD patterns for the Fe81Si4B12P2Cu1

alloy annealed at five different heating rates 0.05, 0.1, 0.5,

3, and 5 K/s, respectively. A sharp diffraction peak at about

45� corresponding to the precipitation of a-Fe(Si) appears

for all the annealed samples. No other phases existed, such

as the FeB phase.

The heating rate dependence of the lattice parameter

a for annealed samples, obtained by analyzing XRD pat-

terns, is shown in Fig. 4a. The lattice parameter varies

between 0.2812 and 0.2834 nm. It should be noted that the

lattice parameter is smaller than that of Fe (0.286 nm) [8].

This results from the fact that a small amount of silicon

atoms substitute iron atoms in the nanocrystals, existing as

Fe3Si phase with a DO3 structure [14]. As the heating rate

increases from 0.05 to 5 K/s, the lattice constant slightly

increases from 0.2812 to 0.2834 nm, suggesting that

increasing heating rate decreases the concentration of Si in

the a-Fe(Si) phase. This may originate from the shorter

time for Si diffusing into a-Fe(Si) nanocrystallites at higher

heating rates.

In Fig. 4b, the heating rate dependence of the average

grain size D of a-Fe(Si) is shown, which determined from

the sharp diffraction peak, according to the Scherrer

equation [21]:

D ¼ 0:9k
B cos hð Þ ð1Þ

where k is the wave length of incident X-ray (k =

1.5418 Å), B is the full width at half maximum of the

diffraction peak, h is the diffraction angle. The average

grain size of a-Fe phases ranges from 10 to 19 nm. It is

clear that the grain size comes up to a minimum value of

10.4 nm at a heating rate of 0.5 K/s. An abrupt increase of

grain size is noticed at higher heating rate.

Figure 4c shows the heating rate dependence of the

volume fraction of the nanograins, Vcr, which varies

between 27% and 63%. The crystalline volume fraction Vcr

was calculated according to the equation:

Vcr ¼
Icr

Icr þ Iam

ð2Þ

where Icr and Iam are the integral intensities of diffraction

peaks of crystalline phase and amorphous phase deter-

mined from peak areas [22–24], respectively. One can

see that the crystalline volume fraction decreases with

increasing heating rate.

The addition of Cu is well known to be much effective

in refining the grain size, because the Cu cluster forms

prior to the primary crystallization of a-Fe(Si) phase during

the crystallization of some kinds of Fe-based amorphous

alloys, which acts as the nucleation sites for the a-Fe grains

and decreases a-Fe grain size in crystallized structures

Fig. 3 Representative XRD patterns showing heating rate depen-

dence of the crystalline phase for the samples annealed at 753 K for

180 s

Fig. 4 Heating rate dependence of a the lattice parameter a, b the

grain size D, and c the volume fraction of the nanograins Vcr for

annealed Fe81Si4B12P2Cu1 alloys. The lines are guide for the eye
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[25, 26]. During the annealing process, extremely small

regions with enriched Cu and P could be formed in the

FeSiBCuP amorphous alloy because of repulsive and

attractive interactions existing between Fe and Cu, and Cu

and P atoms, respectively [12, 27]. The number of the

region is possibly large enough to be high density dis-

persing in the amorphous matrix, which acts as the heter-

ogeneous nucleation sites for a-Fe(Si) and leads to the

refinement of the grain. In addition, the formed Cu–P

clusters can act as a diffusion barrier and will hence inhibit

a-Fe(Si) grain growth. The grain size and volume fraction

of a-Fe(Si) nanocrystallites are intimately correlated with

the density of the Cu–P enriched clusters. With increasing

the heating rate, the grain size, D, at first decreases due to

the limited time for grain growth. However, increasing the

heating rate during the annealing process restricts the dif-

fusion of Cu and P elements, which results in a very low

Cu- and P-enriched clusters. Consequently, high heating

rate during the annealing process of Fe81Si4B12P2Cu1

nanocrystalline alloys reduces the number of nucleation

sites and leads to the decrease of the volume fraction and

the increase of the grain size.

Magnetic characterization

The heating rate dependence of coercivity, Hc, and

saturation magnetization, Ms, for the melt-spun

Fe81Si4B12P2Cu1 alloy annealed at 753 K for 180 s is

shown in Fig. 5. As the heating rate increases, the coer-

civity initially decreases down to a minimum of 7.2 A/m at

the heating rate of 0.5 K/s and then increases. The satu-

ration magnetization, Ms, decreases with the heating rate

increasing from 0.05 to 5 K/s.

The similarity of the heating rate dependence of the

coercivity Hc and that of the grain size D implicates that

the effect of heating rate on Hc originates from its effect

the grain size. The excellent soft magnetic properties

strongly depend on the grain diameter of the nanocrys-

talline and the volume fraction of the a-Fe(Si) phase for

the nanocrystalline soft magnetic FeSiBCuP alloys. Since

the size of nanocrystallites is smaller than the ferromag-

netic exchange interaction length, magnetic exchange

coupling between the nanocrystalline grains through the

remaining ferromagnetic amorphous phase matrix leads to

the averaging out of the magnetocrystalline anisotropy

[17]. The initial decrease of coercive field can be attrib-

uted to the refinement of a-Fe(Si) crystallites and the

uniformity structure of a-Fe(Si) crystallites embedded in a

residual amorphous matrix. The increase of coercive field

at higher heating rate can be attributed to the growth of the

nanograins, which reduces the exchange coupling between

the nanograins.

The saturation magnetic flux density, Bs, is deeply

affected by the volume fraction of the crystalline phase,

Vcr,

Bs ¼ BscVcr þ Bsa 1� Vcrð Þ: ð3Þ

The Bsc and Bsa are the saturation magnetic flux density in

the crystalline and amorphous phases. The decrease of the

volume fraction of the crystalline phase, Vcr, results in the

decrease of saturation magnetization, Ms, which agrees

well with the fact that the heating rate dependence of Ms is

similar to that of Vcr.

Conclusions

The effect of heating rate on structural and magnetic

properties for the Fe81Si4B12P2Cu1 nanocystalline alloys

has been investigated. The Fe81Si4B12P2Cu1 amorphous

alloy is obtained from industry-grade raw materials. The

Fe81Si4B12P2Cu1 alloy annealed at 753 K for 180 s with

various heating rates has a structure composed of an

amorphous phase and a-Fe(Si) grains with 10–19 nm in

size. With the increase of the heating rate, the grain size

first decreases and then increases, while the volume frac-

tion of a-Fe(Si) phase decreases. The increase of the grain

size with the heating rate is attributed to the decrease of the

density of Cu- and P-enriched clusters serving as hetero-

geneous nucleation sites for a-Fe(Si) primary crystals.

With the increase of the heating rate, Hc shows a remark-

able decrease because of the reduction of the grain size,

and arrives a minimum at the heating rate of around

0.5 K/s, while Ms shows a slight variation because of

the change of the volume fraction of a-Fe(Si) phase.

Optimum soft magnetic properties were obtained for the

Fe81Si4B12P2Cu1 nanocrystalline alloy ribbon annealed at

753 K for 180 s with the heating rate of 0.5 K/s, exhibiting

a low Hc of 7.2 A/m and a high Ms of 184 emu/g.
Fig. 5 Heating rate dependence of the coercivity Hc and the

saturation magnetization Ms. The lines are guide for the eye
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