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Abstract The structure and soft magnetic properties of

Fe68.5Si18.5B9Nb3Cu1 (at.%) alloy ribbons produced

through planar flow melt spinning at different wheel speeds

viz. 34, 17 and 12 m/s have been investigated using X-ray

diffraction, differential scanning calorimetry, transmission

electron microscopy, vibrating sample magnetometer and

positron lifetime spectroscopy. Amorphous ribbons formed

with different wheel speeds manifested different enthalpy

and activation energy of crystallization. The volume frac-

tion of nanocrystalline phase, saturation magnetization and

permeability are found to increase whereas coercivity is

found to decrease with increasing wheel speed on anneal-

ing. A detailed analysis of positron lifetime spectra

obtained from the as-spun ribbons has been used to ratio-

nalize the variation in microstructure and magnetic prop-

erties. The presence of larger number of defects at higher

wheel speed increases the volume fraction of nanocrystal-

line phase on annealing which improves the soft magnetic

properties.

Introduction

Nanocrystalline Fe–Si–B–Nb–Cu alloys [1] possess unique

combination of soft magnetic properties such as high

saturation magnetization, permeability, resistivity, Curie

temperature and very low coercivity as compared to other

traditionally available materials. These alloys are prepared

by rapid solidification (melt spinning) to obtain an amor-

phous phase followed by controlled annealing (partial

devitrification) so as to obtain nanocrystalline precipitates

in the amorphous matrix. Detailed investigations have

been carried out to understand the phenomena behind

the occurrence of ultra soft magnetic properties in these

materials [2].

It is well known that the processing at different wheel

speeds during the melt spinning results in different ribbon

thicknesses thereby affecting the cooling rate. This in turn

alters the microstructure of the as-spun ribbons and influ-

ences the soft magnetic properties after nanocrystallization

[3]. Recently the influence of wheel speed on the micro-

structure and soft magnetic properties of Fe–Zr–B–Cu [4]

and Fe–Co–B–Nb–Cu [5] alloy systems has been reported.

Paolo Allia et al. [6] and Knobel et al. [7] have correlated

the magnetic permeability of melt spun Fe–Si–B–Nb–Cu

ribbons with quenching rate and found that higher

quenching rates change the kinetics of crystallization of

amorphous phase which leads to the improvement of per-

meability. El Ghannami et al. [8] attributed the presence of

preferentially oriented larger grains of Fe–Si nanocrystals at

lower wheel speed to the poor soft magnetic properties in

as-spun ribbons. Panda et al. [9] have observed that ribbon

produced at lower wheel speed has high coercivity and low

initial susceptibility. However, these studies did not attempt

to explain the microstructural influence on the magnetic

property behaviour due to different processing conditions.

Although it is known that the change of wheel speed/

cooling rate leads to the formation of different initial disor-

dered structure of amorphous phase, the evidence of such

disordered structure is not fully explored. It is also not clear
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how the difference in the precursor amorphous phase struc-

ture affects the microstructure and soft magnetic properties

after annealing. In this study we report the structure and soft

magnetic properties of Fe68.5Si18.5B9Nb3Cu1 alloy produced

in amorphous state by planar flow melt spinning at different

wheel speeds viz. 34, 17 and 12 m/s. The investigators have

observed a higher glass forming ability for this composition

as compared to Fe73.5Si13.5B9Nb3Cu1 alloy which has been

studied extensively. Moreover, this composition has near

zero magnetostriction value [1] which will result in obtaining

better soft magnetic properties. A detailed investigation has

been carried out to evaluate the defect characteristics of the

amorphous phase using Positron annihilation spectroscopy

and correlate with microstructures and magnetic properties.

Positron annihilation spectroscopy is a powerful tool for

detecting the internal structure of the amorphous phase

[10] and has been utilized to gather information regarding the

free volume, concentration and size of positron trapping

sites, etc. in amorphous structures.

Experimental

Continuous 10 mm wide ribbons of Fe68.5Si18.5B9Nb3Cu1

alloy were produced through planar flow melt spinning

process [11]. Each run was carried out by melting 30 g of

the alloy in quartz crucibles having rectangular slit of

10 9 0.5 mm. Three different wheel speeds viz. 34, 17 and

12 m/s were employed keeping the melt temperature at

1250–1300 �C, nozzle wheel gap at 0.2 mm and ejection

pressure at 9.8 kPa. Since the ambient condition has

practically no effect on the structure, thermal stability and

magnetic properties of these alloys [12], all experiments

were conducted in air. The as-spun ribbons were annealed

in a vacuum tubular furnace (5 mPa) at 550 �C for 1 h.

Structure of as-spun and annealed ribbons (free surface)

was characterized using a X-ray diffractometer (XRD,

PHILIPS PW 1830) with Cu Ka (k = 0.15405 nm) radia-

tion. A differential scanning calorimeter (DSC, DuPont

910) was used to evaluate the thermal stability and kinetics

of the crystallization of the as-spun ribbons. A precision

ion polishing system (PIPS) was employed for TEM sam-

ple preparation by thinning from both the sides of the

ribbon. The microstructures were observed using a trans-

mission electron microscope (TEM, JEOL 2000FX) and

field emission scanning electron microscope (FESEM,

ZEISS). Saturation magnetization (4pMs) of the as-spun

and annealed samples was obtained using vibrating sample

magnetometer (VSM, ADE EV9) at a field of 400 kA/m.

Coercivity of as-spun and annealed ribbons was measured

using coercimeter (FÖSTER-KOERZIMET 1.095). The

permeability was measured by using a B–H hysteresis loop

tracer (Ferrites India Ltd.) at 50 Hz. Positron annihilation

lifetime measurements of as-spun ribbons were carried out

using a fast–fast coincidence spectrometer with Na22 as

positron source in a sandwich configuration. The lifetime

spectra (*106 counts) were analyzed using the code

POSITRONFIT.

Results and discussions

Structure and thermal stability

Figure 1 shows the average thickness of ribbon as a

function of wheel speed. The fitted curve obtained from the

regression analysis with a correlation factor (R2) of 0.976

revealed that the thickness varies inversely with the wheel

speed to the power of -0.58 which is in agreement with the

reported value [13]. Figure 2 shows the XRD spectra of the

ribbons at wheel speed of 34, 17 and 12 m/s revealing the

formation of complete amorphous phase. DSC thermo-

grams of the as-spun ribbons (Fig. 3) exhibit exothermic

peaks, corresponding to the crystallization of amorphous

phase. The onset of crystallization temperatures (Tx) of all

the ribbons are within 549 ± 3 �C. As can be observed in

Table 1, the enthalpy of crystallization calculated from the

area under the exothermic peaks increases with wheel

speed. However, enthalpy of 34 m/s ribbon is quite high as

compared to that of 17 and 12 m/s ribbons. DSC thermo-

grams were obtained at various heating rates (b), and the

apparent activation energy of crystallization (DE) deter-

mined using the method of Kissinger [14] from the slope of

a plot of ln(T2/b) versus 1/T, where T is the peak temper-

ature in the DSC thermogram. Figure 4 shows the

Kissinger plots for all as-spun ribbons and the estimated

activation energies have been given in Table 1. It can be

observed that the DE increases from 3.55 to 4.35 eV when

the wheel speed decreases from 34 to 12 m/s.

Fig. 1 Variation of ribbon thickness with wheel speed
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XRD patterns of the ribbons annealed at 550 �C (just

above the crystallization temperature) for 1 h shown in

Fig. 5 indicate the presence of Fe3Si phase in the amor-

phous matrix in all the samples.

Microstructure

Figure 6a–c shows the TEM bright field images and corre-

sponding selected area diffraction patterns of annealed rib-

bons (550 �C for 1 h) processed at different wheel speeds of

34, 17 and 12 m/s, respectively. Nanocrystalline Fe3Si phase

embedded in the amorphous matrix can be observed in all

the samples which are in agreement with XRD observation.

The grain size (d) measured from both TEM bright field and

dark field images in an area of 500 9 600 nm for about

100–200 grains is included in Table 1 using method

described elsewhere [15]. Though the grain size does not

change significantly, the number of nanocrystalline grains is

found to increase with wheel speed. The volume fraction of

the nanocrystalline phase obtained from the field emission

scanning electron microscopy (FESEM) images (Fig. 7)

Fig. 2 XRD patterns of as-spun ribbons at different wheel speeds

Fig. 3 DSC thermograms of as-spun ribbons at different wheel

speeds

Table 1 Crystallization data of melt spun alloy obtained at different

wheel speeds

Wheel speed (m/s) Tx (oC) DH (W/g) DE (eV) d (nm) V (%)

34 548 122 3.55 16 42

17 552 88 3.85 15 27

12 546 81 4.35 13 15

Tx crystallization temperature, DH enthalpy of crystallization, DE
activation energy of crystallization, d grain size, V volume fraction of

nanocrystals

Fig. 4 Kissinger’s plots of as-spun ribbons

Fig. 5 XRD patterns of ribbons annealed at 550 �C, 1 h
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using standard image analyzer is 42% in case of ribbons

produced at 34 m/s whereas it decreases to 27% for 17 m/s

and 15% for 12 m/s (Table 1).

Positron lifetime spectroscopy

The positron lifetime spectra of all the as-spun ribbons

could be best fitted to two components with lifetime s1 and

s2 having intensity of I1 and I2, respectively, using the code

POSITRONFIT. The values of s1, s2, I1 and I2 for the

ribbons produced at three different wheel speeds are given

in Table 2. It can be observed that the small life component

s1 is varying from 159 to 163 ps, similar to the value

reported for positron lifetime in amorphous metallic rib-

bons [10]. Therefore, it can be concluded that the lifetime

component s1 is due to the annihilation of positron in

amorphous matrix. Small changes in s1 (161 ± 2 ps)

confirmed that the nature of amorphous matrix is not

changing significantly with variation in wheel speed. The

long lifetime component s2 shows higher value and similar

results have been reported [10] in different metallic glasses.

Till recently only single lifetime component in amorphous

metallic glass has been reported. But with the advances in

techniques now it is possible to resolve the spectra into two

components.

The long lifetime component is generally associated

with the presence of appreciable number of quenched in

nuclei in groups, excess trapped vacancies, etc. in the form

of cluster of structural free volumes (CSF) of amorphous

state which is known to be a function of processing con-

ditions [16]. In the present investigation, the intensity of s2

is found to be high for 34 m/s ribbon and it decreases with

decreasing the wheel speed. This implies that large number

of quenched in nuclei and high fraction of CSF (higher I2)

are present in 34 m/s wheel speed ribbon and reduce with

decreasing the wheel speed/quenching rate. The results are

in agreement with DSC and TEM investigations.

Magnetic properties

Figure 8 shows room temperature saturation magnetization

(4pMs) of the as-spun and annealed ribbons measured at a

field of 400 kA/m as a function of wheel speed. It can be

observed that saturation magnetization increases with

wheel speed for both as-spun and annealed ribbons.

However, the saturation magnetization values of annealed

ribbons are lower than that of as-spun ribbons. These

results are in agreement with those reported [17] earlier and

may be attributed to the formation of ordered Fe3Si phase

which has lower saturation magnetization than amorphous

phase. However, Fujii et al. [18] reported that in case of

Fe73.5Si13.5B9Nb3Cu1 alloy, the saturation value of the heat

treated alloy is higher as compared to the amorphous state.

Herzer [19] has reported the variation of the room

Fig. 6 TEM bright field image of ribbons produced at a 34 m/s, b 17 m/s and c 12 m/s and annealed at 550 �C, 1 h
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temperature saturation magnetization of Fe–Si–B–Nb–Cu

alloy as a function of Si content in both amorphous and

nanocrystalline phase. It has been observed that at lower Si

content, the saturation magnetization of nanocrystalline

phase is quite high as compared to that of amorphous phase

but decreases rapidly and cross-over takes place around

16 at.% Si. Therefore, in case of Fe68.5Si18.5B9Nb3Cu1

alloy, containing 18 at.% Si, one can expect higher satu-

ration magnetization values of as-spun ribbon (amorphous)

as compared to the annealed ribbon containing nanocrys-

talline phase.

Figure 9 shows coercivity of the as-spun and annealed

ribbons as a function of wheel speed. Coercivity of

annealed ribbons is lower than that of as-spun ribbons. The

coercivity is found to decrease with wheel speed, however,

the decrease of coercivity for annealed ribbons is more

pronounced. Figure 10 shows the variation of permeability

for the as-spun and annealed ribbons with wheel speed.

Permeability of annealed ribbons is higher than that of

as-spun ribbons and it increases with wheel speed, the

effect being more pronounced in annealed ribbons.

Soft magnetic properties of nanostructured Fe–Si–B–

Nb–Cu alloys are attributed to the diminishing value of

saturation magnetostriction (k) and average magnetocrys-

talline anisotropy (hKi). The effective magnetostriction

(keff) can be minimized by nullifying the positive

Fig. 7 FESEM images of ribbons produced at a 34 m/s, b 17 m/s and c 12 m/s and annealed at 550 �C, 1 h

Table 2 Positron annihilation data of ribbons processed at different

wheel speeds

Wheel speed (m/s) s1 (ps) I1 (%) s2 (ps) I2 (%)

34 163 87.9 433 12.1

17 159 93.2 360 6.8

12 161 94.3 393 5.7

s1, s2 lifetime components of positron spectra, I1, I2 intensity of

lifetime components s1 and s2, respectively

Fig. 8 Saturation magnetization of as-spun and annealed ribbons
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magnetostriction of the residual amorphous matrix (kamor =

20 9 10-6) with the negative contribution of a-Fe(Si)

nanocrystalline phase (knc = -6 9 10-6) [20] in such a

way that

keff ¼ ð1� vÞkamor þ vknc ¼ 0 ð1Þ

Our results indicate that the volume fraction of

nanocrystalline phase increase with the wheel speed in

annealed ribbons resulting in decreasing the value of keff.

This leads to the reduction of coercivity and enhancement

of permeability of annealed ribbons progressively at higher

wheel speeds as compared to the fully amorphous as-spun

ribbons.

It is well established that under the application of

magnetic field, the exchange coupling between nanocrys-

tals and amorphous phase takes place causing averaging

out of magnetocrystalline anisotropy and the exchange

interaction forces the magnetization vector to be aligned

over several grains along field direction [21]. Accordingly

the effective anisotropy (Keff) can be given as

Keff ¼
hKi
ffiffiffiffi

N
p ð2Þ

where N is the number of grains of diameter D within the

exchange length Lex and can be expressed as

N ¼ m
Lex

D

� �3

ð3Þ

It is evident that as the volume fraction (m) and number

of grains increases the mangetocrystalline anisotropy

decreases from 8 kJ/m3 to few J/m3. It is to be noted that

the scale of exchange interaction expands to about 2 lm

[19] during magnetization, thereby decreasing the effective

anisotropy of the material. Coercivity (Hc) and permeability

(li) of the nanocrystalline alloys are quantitatively related

to Keff by [20]

Hc ¼ pc

Keff

Ms

ð4Þ

li ¼ pu

M2
s

loKeff

ð5Þ

where pc (=0.13) and pu (=0.5) are dimensionless

prefactors.

The coercivity and permeability values of annealed

ribbons as a function of wheel speed have been estimated

quantitatively and included in Figs. 9 and 10, respectively.

It can be observed that trends in calculated and experi-

mental values for both coercivity and permeability are

same. In fact the calculated coercivity values almost

coincide with the experimental values. However, in case of

permeability, low experimental values may be attributed to

the surface quality of the ribbons.

Conclusions

1. Amorphous ribbons produced at higher wheel speed

during melt spinning exhibit higher enthalpy of crys-

tallization revealing that energy entrapped in the

sample in the form of defects and structural free vol-

ume is higher. This is supported by the positron life-

time spectroscopy observations where higher fraction

of CSF was found in 34 m/s ribbon.

2. Lower activation energy of crystallization for ribbons

prepared at high wheel speed suggests the ease of

relaxation kinetics resulting in higher rate of nucle-

ation. This is reflected by the TEM images where

volume faction of nanocrystalline phase after anneal-

ing at the same temperature and time is higher.

3. The saturation magnetization increases with wheel

speed for both as-spun and annealed ribbons. However,

Fig. 9 Variation of coercivity of as-spun and annealed ribbons with

wheel speed

Fig. 10 Variation of permeability of as-spun and annealed ribbons

with wheel speed
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the saturation magnetization values of annealed rib-

bons are lower than that of as-spun ribbons. This can

be attributed to the formation of low saturation Fe3Si

nanocrystalline phase.

4. The decrease of coercivity and increase of permeabil-

ity with wheel speed is due to the increase of volume

fraction of nanocrystalline phase which reduces effec-

tive anisotropy (Keff) and magnetostriction (keff).

5. Quantitative estimation of coercivity and permeability

of annealed ribbons as a function of wheel speed is

found to be in agreement with the experimentally

observed values.
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