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ABSTRACT 
Nanocrystalline soft magnetic alloys can be produced by partial crystallization of amorphous precursor. The aim of this paper 

was to study the influence of Nb substitution by vanadium (V) in Fe73.5Cu1Nb3-xVxB9Si13.5 (x=1.5, 3) alloys on their crystallization 
process and the glass forming ability because the growth of the α-Fe(Si) crystals is reduced by (Nb) diffusion barrier. Amorphous 
ribbons were prepared by melt-spinning technique. Crystallization process of amorphous alloys was examined by Different thermal 
analysis (DTA) in order to determine the crystallization temperatures and by X-ray powder diffraction measurements (XRD). Atomic 
pair correlation function G(r) and Radial distribution function R(r) has been calculated for better characterisation of as-quenched 
samples. It was found that higher V content accelerates crystallization process and causes worse glass forming ability. From DTA 
measurement was found decreasing of crystallization temperatures with higher V content.  
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1. INTRODUCTION 

Nanocrystalline material prepared from amorphous 
state, well known as FINEMET (Fe73.5Cu1Nb3B9Si13.5) has 
excellent magnetic properties, for example high 
permeability (μ~105) and low value of coercivity 
(Hc≤1A.m-1) [1, 2, 3, 4, 5, 6]. The possible application of 
this alloy includes magnetic parts of power transfers, 
solenoid valves, magnetic sensors, magnetic shields, 
actuators and so on [7]. This alloy is produced by control 
annealing of amorphous precursor (one hour at the 
temperature 550 °C).  Cu atoms acts as nucleation centres 
of the α-Fe(Si) phase during annealing process (above 500 
°C). Slowly diffusing Nb atoms in amorphous phase 
inhibits the grain growth of α-Fe(Si) phase, because of 
their large atomic diameter (1.429 A) in comparison to 
other atoms attended in this alloy [8, 9, 10]. For that 
reason, the size of α-Fe(Si) grains is a few nanometres. In 
this way, the alloy in optimal nanocrystalline state consist 
of nanoscale α-Fe(Si) grains, amorphous phase and Nb 
diffusion barrier. A number of scientists have investigated 
the effect of Nb substitution by other elements on the 
magnetic properties of this alloy, but no significant 
improvements of this alloy were reported [6, 11, 12]. Lu et 
al. found that the microstructure and soft magnetic 
properties of Fe73.5Cu1Nb3-xVxSi13.5B9 nanocrystalline 
alloys are strongly effect by the addition of V element 
[13]. The best soft magnetic properties (permeability 
135 000, coercivity 0.79 A.m-1, saturation field 1.26 T) 
have been obtained at 1.5 at. % of V content [13]. The aim 
of this work was to study the influence of substitution of 
Nb atoms by V atoms on the crystallization process of 
Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) alloys.   

2. SUBJECT 

For better characterisation of as-quenched samples, the 
pair function G(r) [14] and radial distribution function 
R(r) has been calculated. With using Fourier 
transformation from reciprocal (Q) space to real (r) space, 
the G(r) function has been calculated as: 
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where: S(Q) - total structure factor. S(Q) can be obtained 
from the elastically scattered intensity Ie(Q) as:  
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where: Q – momentum transfer, θ – angle of scattered 
radiation, λ – wavelength of used radiation, ci – 
concentration of atoms of type i.  

From the G(r) function the R(r) function has been 
calculated as: 
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where: ρ0 – average atomic density, NA – Avogadro 
constant, ci – concentration of atoms of type i, Mm(i) – 
molar mass of the atoms, θ(i) – density [kg.m-3]. The R(r) 
function provides information about the probability of 
finding an atom in a spherical shell at a distance r from an 
arbitrary atom. The average number of atoms in first 



Acta Electrotechnica et Informatica, Vol. 10, No. 3, 2010 67 

ISSN 1335-8243 © 2010 FEI TUKE 

coordination shell (N) has been determined from R(r) 
function as: 
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1
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where: r1, r2 – internal and external radius of the first 
coordination shell [15].  

The average grain size of crystalline samples is 
calculated from the XRD pattern using the Scherrer 
formula [16] as: 

.
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where: K – shape factor, λ – x-ray wavelength, β – line 
broadening at half the maximum intensity in radians, θ – 
Bragg angle. The dimensionless shape factor has a typical 
value of about 0.9, but varies with the actual shape of the 
crystallite.   

3. EXPERIMENTAL METHODS AND RESULTS 

The samples in form of ribbons with chemical 
composition Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) were 
prepared by melt-spinning technique. The structural 
evolution of the alloys was followed by X-ray diffraction 
(XRD). In-situ high temperature XRD measurements were 
performed in HASYLAB at DESY using Petra electron 
storage ring operating at the electron energy 11.28 GeV. 
The XRD patterns of as-quenched ribbons were collected 
in the temperature range from room temperature up to 800 
°C with a heating rate 20 °C.min-1. The gradually 
annealed sample was illuminated for 30 seconds for each 
pattern by X-rays of wavelength λ=0.115 A. Two 
dimensional XRD patterns were recorded by 2D image 
plate detector. Precise radiation energy was determined by 
fitting a standard reference of LaB6 sample. The images 
taken from different stages of annealing were investigated 
into 2 Theta space by using Fit2D program. Differential 
thermal analysis (DTA) of as-quenched ribbons was 
performed using a SETARAM TG-DTA 92 instrument. 
Samples were heated up to 800 °C with a heating rate of 
10 °C.min-1.  

3.1. Differential Thermal Analysis (DTA) 

Curves presented in Fig. 1 show two exothermic 
peaks. The first peak represents the process of primary 
crystallization (formation of α-Fe(Si) phase) and the 
second peak represents the process of secondary 
crystallization (formation of boride phase). The 
temperature of primary crystallization (Tx1) decreases 
from 485 °C to 460 °C with higher V content. The 
temperature of secondary crystallization (Tx2) decreases 
from 622 °C to 578 °C with higher V content. The glass 
temperature (Tg) also decreases from 315 °C to 308 °C 
with higher V content (see Fig. 1). 

 
 

 
 

Fig. 1  DTA curves of Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) as-
quenched ribbons 

3.2. XRD structural analysis of as-quenched samples 

The XRD distributions of Fe73.5Cu1Nb3-xVxSi13.5B9 
(x=1.5, 3) as-quenched ribbons are presented in Fig. 2.  

 

 

Fig. 2 XRD patterns of Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) 
as-quenched ribbons 

Two broad peaks can be seen in both XRD patterns 
what is characteristic for amorphous alloys, although in 
XRD pattern for x=3 small discontinuities (formation of 
crystallites) are observable. That means that for x=3 of as-
quenched sample is very low content of crystalline phase. 
The G(r) function, given by (1), is calculated in Fig. 3. 
The G(r) function for x=1.5 exhibits lower amplitude of 
peaks than for x=3, which is an indication of higher 
ordering with increasing V content. In the range 2-3.48 A 
(first coordination shell), the main maximum of G(r) 
function is situated. 

From the position of main maximum of G(r) function, 
the average distance between iron atoms has been derived. 
The estimated value of the Fe-Fe atoms distance is 2.56 A 
for both as-quenched samples. This distance is greater 
than the Fe-Fe atoms distance in crystalline state (2.49 A) 
due to disordering of the structure of as-quenched 
samples.  
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Fig. 3  The G(r) function of Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) 
as-quenched ribbons 

The R(r) function given by (3) for x=1.5 is displayed 
in Fig. 4. 

 

 

Fig. 4  The R(r) function of Fe73.5Cu1Nb1.5V1.5Si13.5B9 as-
quenched ribbon 

The area of the first peak (2-3.48 Ǻ) is equal to 
average number of atoms in first coordination shell around 
arbitrary atom (see Fig. 4). In the first coordination shell is 
approximately 12 atoms for both as-quenched samples 
(based on the (4)), which is typical number for amorphous 
alloys.  

3.3. XRD structural analysis of annealed samples 

XRD patterns of Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) 
samples heated on the temperature ~370 °C are showed in 
Fig. 5. XRD distribution for x=1.5 is still as for 
amorphous alloys, but the reflections from (110), (200), 
(211) crystallographic planes of the cubic Fe phase 
(PDF#6-696, a=2.8664 Ǻ, S.G.: Im3m) appears in the 
XRD distribution for x=3 (see Fig. 5, Fig. 6 a)).  

On the other hand, the DTA curves (Fig. 1) of both 
samples are continuous without exothermic peaks at this 
temperature. One of the reason of these different results 
can be explained by very low volume fraction of the cubic 
Fe phase for x=3. The chemical inhomogenity of x=3 
could be the second possible reason.  

 

Fig. 5  XRD patterns of Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) 
samples heated on the temperature ~370 °C 

At the temperature ~470 °C the reflections of Fe3Si 
phase (PDF#42-1329, a=5.662 Ǻ, S.G.:Fm3m) and V3Si 
phase (PDF#73-598, a=4.712 Ǻ, S.G.:Pm3n) were 
detected for x=3 (see Fig. 6 b), 6 c)). 

 

a) b)

 
c) 

Fig. 6  a) cubic Fe structure, b) Fe3Si structure, black 
spheres signifies Fe atoms, whereas the white spheres signifies 
the Si atoms, c) V3Si structure, black spheres signifies V atoms, 

white spheres signifies Si atoms  

Crystallization process of Fe2B phase (PDF#36-1332, 
a=4.712 Ǻ, c=4.2494 Ǻ, S.G.:I4/mcm) is realised in large 
temperature range above 520 °C.  

Using the Scherrer formula (5) and eliminating the 
instrumental broadening of the XRD reflections, an 
average grain size of α-Fe(Si) crystals as a function of 
temperature, has been estimated (see Fig. 7).  

From this dependence it can be seen that the average 
grain size of α-Fe(Si) crystals for x=1.5 grows faster in 
shorter temperature range than the average grain size of α-
Fe(Si) crystals for x=3. The average grain size of α-Fe(Si) 
crystals for x=3 is stable (~20 nm) in whole used 
temperature range except for the temperature range 450 -
500 °C where (primary crystallization process (see 
Fig. 1)), the average grain size of α-Fe(Si) crystals reaches 
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the values ~28 nm. Interesting fact is that the average 
grain size of α-Fe(Si) crystals decreases over annealing 
above ~460 °C. 
 

 

Fig. 7  Average grain size of α-Fe(Si) crystals as a function of 
temperature for Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) ribbons 

The coercivity dependence on the annealing 
temperature, with one hour of annealing time, of both 
experimental samples is displayed in Fig. 8. 

 

 

Fig. 8 The coercivity dependence on the annealing temperature 
of the Fe73.5Cu1Nb3-xVxSi13.5B9 (x=1.5, 3) ribbons 

From these dependences it can be seen that the best 
value of coercivity has been reached for the sample with 
x=3 annealed at the temperature 550 °C, what is also in 
agreement with the results of Lu group [13].     

 

4. CONCLUSIONS 

From the DTA measurement was found that the 
temperatures Tx1 and Tx2 decreases with higher V content. 
From the G(r) function (1) was found that in the sample 
with higher V content is higher degree of ordering than in 
x=1.5 sample. In the first coordination shell (2-3.48 Ǻ) of 
both as-quenched samples is ~12 atoms (equations 3, 4), 
which is typical number for amorphous alloys. The sample 
for x=3 heated at the temperature ~370 °C contains low 
volume fraction of the cubic Fe phase and after annealing 
at the temperature ~470 °C starts crystallization of Fe3Si 
phase and V3Si phase. On the other hand the average grain 
size of α-Fe(Si) crystals for x=1.5  grows faster (from 20- 

up to 80 nm) in shorter temperature range (450-750 °C) 
than the average grain size of α-Fe(Si) crystals for  x=3 
(~20 nm in whole used temperature range). The average 
grain size of α-Fe(Si) crystals decreases after reaching the 
annealing temperature ~460 °C. The lowest value of 
coercivity has been reached for the x=3 sample annealed 
at the temperature 550 °C.  

From the results presented in this paper could be 
summarised that V content accelerates crystallization 
process and causes worse glass forming ability of 
experimental samples. V atom (1.321 Ǻ) is worse 
inhibitor of grain growth than Nb atom (1.429 Ǻ) is. 
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