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Abstract

Iron-based amorphous alloys have attracted technological and scientific interests due to their ex-
cellent soft magnetic properties. The typical nanocrystalline alloy with the composition of
Fe735Cui1NbsSiizsBg known as FINEMENT has been studied for structural properties analysis. Re-
cently, it is found that after proper annealing the amorphous alloy like Fe735Cu;1NbsSi135B9 has a
transition to the nanocrystalline state, thus exhibiting good magnetic properties. The alloy in the
form of ribbon of 10 mm width and 25mm thickness with the composition of Fe735Cu;NbsSii35B9
was prepared by rapid quenching method. The prepared ribbon sample has been annealed for 30
min in a controlled way in the temperature range 490°C - 680°C. By analyzing X-ray diffraction
(XRD) patterns, various structural parameters such as lattice parameters, grain size and silicon
content of the nanocrystalline Fe(Si) grains, crystallization behavior and nanocrystalline phase
formation have been investigated. In the nanocrystalline state, Cu helps the nucleation of a-Fe(Si)
grains while Nb controls their growth, Si and B has been used as glass forming materials. Thus on
the residual amorphous, the nanometric Fe(Si) grains develops. From broadening of fundamental
peaks, the optimum grain size has been determined in the range of 7 - 23 nm.
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1. Introduction

A new class of iron based alloys was introduced in by Yoshizawa, Oguma and Yamauchi [1]. This novel ma-
terial with the composition of Fe;;5Cu;Nb3Sii35Bg has a trade name FINEMENT. The particular about the new
material is its ultrafine microstructure of bcec Fe-Si with the grain sizes of 10 - 15 nm that are due to the presence
of Cu and Nb [1] [2] from which their soft magnetic properties derive lastly. The magnetic properties of
Fe,35Cu;NbsSii35Bg and related alloys were reported by many publications; here only some of the references are
given [2]-[7].

Nanocrystalline materials constitute a new class of condensed matter having interesting properties, which are
mostly microstructure dependent. These materials are first formed into amorphous ribbons and then annealed
above the crystallization temperature to form the nanocrystalline microstructure that consists of bcc Fe(Si) na-
nograins embedded on amorphous matrix. The crystallization of Fe-Si-B amorphous ribbons contains 1 at.% Cu
and 3 at.% Nb. The crystallization of bcec Fe(Si) solid solution from amorphous state takes place according to the
basic scheme characteristic to the hypo-eutectic glasses [8]: am1—Fe(Si) + am2, where am1 and am2 are the in-
itial amorphous precursor and the remainder amorphous phase respectively. There are mainly two phases in the
alloys: a bcc Fe-Si solid solution and some residual amorphous phase. The average grain size of the bcc Fe(Si)
phase is about 10 nm [2]. The addition of Cu and Nb results in the formation of an ultrafine grain structure [1]
[2].

Recently, a generalization of the random anisotropy model, taking into account the two phase character of
nanocrystalline materials, has been developed [9] and it explains the previously mentioned hardening as well as
other features which cannot be understood without the generalization. Since the unique properties of nanostruc-
tured materials are dictated by the dimensions of the crystallites, it is very advantageous to control the size of the
particles by controlling the annealing temperature of the specimens.

The aim of the present research work is to synthesize Fe-based alloys of Fe;;sCu;Nb3zSii35Bg composition in
the amorphous state by using rapid solidification technique and study their structural properties by varying the
annealing condition. The annealing of Fe-based soft nanocomposite magnetic materials has been performed in
air. X-ray diffraction technique has been used for the characterization of nanostructured phases.

2. Experimental

Rapid solidification technique was used to prepare the ribbons with composition Fe;35Cu;NbsSiizsBg. The
amorphous ribbons ware prepared at a temperature 1500°C in an argon atmosphere (0.2 to 0.3 atoms). The di-
mension of the ribbon was 10 mm width and 25 mm thickness. The purity of the material is Fe (99.98%), Cu
(99+%), Nb (99.8%), Si (99.9%) and B (99.5%) as obtained from Johnson Mathey (Alfa Aesar Inc.). Figure 1
shows the schematic diagram of melt spin system.

A PHILIPS PW3040 X' Pert PRO X-ray diffractometer was used to study the crystalline phases of the pre-
pared samples in the Materials Science Division, Atomic Energy Centre, Dhaka-1000, Bangladesh. The powder
specimens were exposed to CuK,, radiation with a primary beam of 40 kV and 30 mA with a sampling pitch of
0.02° and time for each step data collection was 1.0 sec. A 20 scan was taken from 10° to 90° to set possible
fundamental peaks where Ni filter was used to reduce CuK, radiation. All the data of the samples were analyzed
using computer software “X' PERT HIGHSCORE”. X-ray diffraction patterns were carried out to confirm the
crystal structure. Instrumental broadening of the system was determined from & - 20 scan of standard Si. Figure
2 and Figure 3 show the X-ray diffraction technique and block diagram of the PHILIPS PW 3040 X' Pert PRO
XRD system respectively.

3. Results

To determine the crystalline phases, X-ray diffraction studies have been performed for samples annealed at dif-
ferent temperatures. Figure 4 and Figure 5 represent the X-ray diffraction spectra of quenched alloy and the al-
loy annealed at different temperatures for 30 min. In the figures, the parenthesis represents the indices of the re-
flecting planes of the phases. The bcc a-Fe(Si) phases are found, identified by using standard software. All the
results of lattice parameter, grain size and silicon content at % for different annealing temperatures of composi-
tion are listed in Table 1.

In Figure 6, the lattice parameter of various annealed samples in the temperature range 490°C - 680°C have
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Figure 1. Schematic diagram of melt spin system.
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Figure 3. Block diagram of the PHILIPS PW 3040 X' Pert PRO XRD system.
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Figure 4. XRD patterns of Fe;;5Cu;Nb3Sij3sBg ribbon sample (a) as-cast and annealed samples at (b) 490°C (c) 510°C (d)
525°C for 30 min.

Table 1. Experimental XRD data of nano-crystalline Fe;35Cu;NbsSii35Bg amorphous ribbon at different annealing tempera-

tures.
Annealing temperature, Ta ("C) Lattice parameter a, (A) Grain size Dg (nm) Silicon content (% Si)
As-cast
490 2.8615 7 6.45
510 2.8420 8 15.6
525 2.8373 10 17.8
545 2.8304 13 211
560 2.8307 14 20.8
600 2.8351 18 18.8
680 2.8482 23 12.7

been presented. In Figure 6, the established quantitative relationship [10] between lattice parameter was used to
determine the silicon content of a-Fe(Si) nanograins. Nanocrystalline grain of a-Fe(Si) is formed from amorph-
ous precursor, when the sample is annealed above the crystallization temperature. By using the Scherrer’s for-
mula, the mean grain size of the nanograins was determined from the X-ray fundamental line (110) has been

presented in Figure 8.
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Figure 5. XRD patterns of Fe;35Cu;Nb3Si;35Bg ribbon samples annealed at (a) 545°C (b) 560°C (c) 600°C and (d) 680°C for
30 min.
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4. Discussion

Crystalline phases that developed through heat treatment have been studied by X-ray diffraction and presented
in Figure 4 and Figure 5. In the as cast condition the sample is in the amorphous state having no sharp peaks of
crystalline phase since no crystalline phase have formed due to rapid quenching. When the sample is annealed
above the crystallization temperature, nanocrystalline grain of a-Fe(Si) was formed in the amorphous precursor.
X-ray diffraction results indicate that no a-Fe phases are present in the alloys annealed below 510°C. The ap-
pearance of broader diffused pattern is also the characteristic of amorphous material was observed bellow the
annealing temperature 510°C. Crystalline phase was developed on the amorphous ribbon, when the alloys were
annealed at or above 525°C, which have been identified as a bcc a-Fe(Si) solid solution produced in the
amorphous matrix. The peak of the bcc Fe phase in the alloys is increased with increasing of the annealing tem-
perature of the crystalline nanograins of bcc Fe-Si phase was observed from the intensity of the diffraction lines
in patterns obtained under the same conditions.

Figure 6 shows the lattice parameter of the bcc Fe-Si phase versus annealing temperature for the alloys. The
lattice parameter of the bcc Fe-Si phase decreases with increasing annealing temperature up to 545°C and then
the value of lattice parameter increases up to annealing temperature 680°C. It is observed that the lattice para-
meter slightly decreases with annealing temperature. It means that the silicon content in a-Fe(Si) alloy increases
with annealing temperature since it is well known that the lattice parameter of bcc a-Fe(Si) alloys decreases with
the increases of silicon content [11] [12]. Since the lattice parameter of a-Fe(Si) phases are always smaller than
that of pure a-Fe, the value of which is 2.866 A. Thus it can be assumed that the decrease of lattice parameter is
due to the contraction of a-Fe lattice as a result of diffusion of the silicon with smaller atomic size into the iron
lattice with larger atomic size forming a substitutional solid solution during the crystallization process to form
o-Fe(Si). But the metalloid element B is practically insoluble in a-Fe (<< 0.01 at.%) and the solubilities [13] of
Cu and Nb are low (< 0.2 at.% Cu, <0.1 at.% Nb only above 550°C). Hence, the nanocrystalline phase consists
essentially of Fe and Si.

In Figure 7, silicon content of a-Fe (Si) nanograins have been presented. A gradual increase of Si content in
nanocrystalline phase with increasing annealing temperature is observed. This can be explained by the fact that
the element Si from the amorphous phase diffuses into a-Fe space lattice by diffusion during the crystallization
process to form a-Fe(Si) nanograins. This means that the crystallization behaviour of this material is a diffusion
controlled process with temperature as controlling parameter. So the longer annealing temperature results in
more diffusion of Si enriching the Fe(Si) nanograins. Figure 8 shows the grain size increases gradually and at-
tains a limiting value of 7 to 14 nm until 560°C, which is very suitable for the exchange coupling through resi-
dual amorphous matrix [14]. A sudden increase of grain size above 650°C is observed, achieving a value of 18
and 23 nm at 600°C and 680°C, respectively. Because annealing at higher temperature above 680°C leads to the
precipitation of Fe-borides [15]. The nanocrystalline material obtained in this way displays improved mechani-
cal and magnetic properties in comparison to the ones achieved by conventional annealing [6] [16] [17].
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Figure 8. Average grain size as a function of annealing tem-
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5. Conclusion

X-ray diffraction results show that the grain size has been obtained in the range of 7 nm to 21 nm at different stage of
annealing and Si content has been reached up to 21.1 at.%. The annealing of magnetic ribbon Fe;35Cu;Nb3Siy35Bg at
545°C for 30 min leads to the favorable nanocrystalline structure of bcc Fe(Si) mixed with a remaining
amorphous fraction. The crystallization behavior of FINEMENT Fe;35Cu;NbsSiyz 5By is still an interesting sub-
ject of further research.
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