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Abstract. Amorphous Fq,.5,CUINb3+rSii3.5B9 (x = 0 and 1.5) alloys we% isothermally heat 
treated at 550' C in  a vacuuh for Up to 16 h: 57Fe transmission Massbauer spedra revealed 
a lower rate of crystallization for x = 1.5. The annealing time dependences of the hyperfine 
parameters and the different behaviours of the intergranular component in both samples were 
sNdied via three-dimensional projenions of the hypenine held distributions. Segregation of Fe, 
Si and also B, from which the crystalline phases have been created, lead to a depletion of these 
elemene'in the residual amorphous phase. As a consequence, the number of Fe atoms with 
lib. Cu 'and possibly B atom in their nearest surroundings increased. giving rise to changes in 
the chemical and topological short-range order. The amount of the residual imorphous phase 
as well as its average hyperfine field decreased whereas the standard deviation of the hyperfine 
field dishibution increased with increasing annealing time. 

1. Introduction 

The nanocrystalline structure which substantlally improves the magnetic propexties of Fe- 
Cu-Mi-B-type alloys [l] is attracting much interest at present. One way of obtaining 
nanometreorder grains requires the use of precursor, i.e. an amorphous metal quenched 
from the melt which is suitably beat treated [Z]. Identification of iron-containing phases 
which are created during annealing as well as elucidation of their structural and magnetic 
properties are effectively performed by Mossbauer spectroscopy [3]. Using this technique, 
the crystallization kinetics of the F@&u1Nb3Si13 5B9 alloy have been widely studied [4- 
71. Different compositions of the Fe-Cu-Nb-Si-B system have also been examined by 
Mossbauer effect measurements [3,8-IO]. The influence of Nb substitution by MO, W or 
Zr [ l l ]  and Cu by Au, Ag, Pd, Pt or Mn 1121 on the fine-grain structure formation was also 
investigated. The role of particular components during crystallization and the behaviour of 
the amorphous rmidual phase, however, are not yet fully understood. 

Unlike the previous papers [3-71, which concentrated on the phase analysis of the 
nanocrystalline Fe735CulNb3Si13.5B9 alloy, here the main emphasis is the changes in the 
hyperfine field distributions, yielding information about the sboa-range order of the residual 
amorphous phase. The time-dependent behaviour of the distributions is documented with 
the help of their three-dimensional (3D) projections. The present work also deals with the 
influence of a different Fe-to-Nb ratio on the crystallization kinetics of the master Fe-Cu- 
Nb-Si-B alloy. 
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2. Experimental details 

Amorphous F~TJ.~-~CUIN~~+,S~~S.~B~ (x  = 0 and 1.5) ribbons (width, 10 mm; thickness, 
23 pm and 24 pm, respectively) have been prepared by the method of planar flow casting 
at the Institute of Physics, Slovak Academy of Sciences, Bratislava. Pieces about 2 cm long 
were isothermally annealed at 550°C in a vacuum furnace ( p  - 

Transmission 57Fe Mossbauer spectra, all taken at room temperature, were collected 
with a conventional constant-acceleration spectrometer using a nCo(Rh) source. They were 
evaluated by the NORMOS DIST program [I31 which allows simultaneous treatment of both 
distribution and discrete values of hyperfine magnetic fields. Calibration was carried out 
using a 25 pm &Fe foil. Details of the fitting models are given below. 

Pa) for up to 16 h. 

3. Results and discussion 

3.1. Fitting models 

Six-tine patterns of broad and overlapped absorption dips which represent a variety of 
structurally inequivalent Fe sites in the amorphous samples were analysed using the 
distributions P(H) of the hypertine magnetic fields. Asymmetries in the spectrum line 
intensities were accounted for by introducing a linear correlation between the isomer shifts 
and the hyperfine fields for all components of the distributions. The relative area Du, of 
lines 2 and 5 with respect to lines 3 and 4 was fitted and the relative area D13 of lines 1 
and 6, was fixed at a value of 3 (table 1). 

Table 1. Hyperfine parameters obtained from the Miissbauer specw of the asquenched 
F ~ ~ , s - ~ C ~ I N ~ ~ + ~ S ~ I ~ . S B Y  alloy. 

x = o  x = 1.5 

20.66 4.76 2.38 18.63 5.13 1.85 

Annealing of the amorphous ribbon at 550°C led to the formation of nanocrystalline 
grains [ 141. As a consequence, sharp and isolated lines emerged in the Mossbauer spectra. 
In the fitting model we have used six sextets of Lorentzian lines in addition to one distributed 
sextet. The former are intended to reproduce crystallographic sites whereas the latter belongs 
to the residual intergranular uncrystallized amorphous phase. The hyperfine parameters 
obtained from the Mossbauer spectra of both x = 0 and x = 1.5 samples annealed for 1 h 
are summarized in table 2. 

The number of crystalline components which have been used in the literature to fit the 
Mossbauer spectra of nanocrystalline Fe73.5Cu1Nb3Si13.5B9 varies from four [4-6] to six 
[7] and seven [3] considering only the DO3 structure of Fe& iron-silicon compounds and 
also the presence of iron-boron phases, respectively. We ascribed five sextets (denoted as 
cl-c3, c5 and c6) to the F e 4  phases and two sextets (c4 and c5) to boride-like Fe sites. 
Similar to [3], an overlap of one F e B  and Fe-Si sextet is assumed in 6. The amount of 
borides in the samples is so small that the thud sextet (H Y 22 T from [3]) was not seen. 

The uncrystallized intergranular phase was fitted by one broadened sextet of Lorentzian 
lines in I41 and [5]. Rixecker et a1 [7] adopted a sextet of pseudo-lorentzian profiles 
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Table 2. Hyperline parameters obtained from the Mtissbauer specua of the Fe73,5-rCul 
Nb+,Sia.sBg alloy annealed at 55Q“C for 1 h in vacuum. 

x = o  x = 1.5 

H FWHM A,i H FWHM A,, ~~~ 

o (mms-9 (5%) (n (mms-’) (%) 

AM 18.ga 6.0fib 57.8 18.5” 5.65) 92.3 
c l  32.13 0.33 9.0 32.11 0.27 1.3 
c2 3069 0.32 6.5 3096 0.27 1.4 
c3 2888 0.27 2.9 29.05 0.28 0.7 
c4 27.17 0.27 1.9 27.26 0.27 0.2 
c5 2466 0.35 10.0 24.59 0.33 2.0 
c6 19.64 0.33 11.9 19.58 0.28 2.1 

Average hypehe  field of P(H) .  
Standard deviation of P ( H )  in teslas. 

for this purpose. Pundt el a[ [6] fitted the amorphous subspectrum by a data file which 
was obtained by measuring the Mossbauer spectrum of the as-quenched alloy at room 
temperature. The only fitted parameter was the relative area of this component. They 
represented each ‘crystalline’ subspectrum by a Zeeman split pattern using five Lorentzian 
sextets. Since one of these exhibited rather a large linewidth, Pundt etal  [6] assigned it to 
a new ‘emaciated‘ amorphous phase. Thus, they obtained two different amorphous phases 
in the annealed sample: the amorphous phase with a hyperfine field dishibution the same 
as that of the as-quenched alloy and an ‘emaciated’ amorphous phase containing less Fe, Si 
and B and, probably, more Nb and Cu [6]. 

We found the interpretations of the residual amorphous phase by either one sextuplet 
of broadened lines [4,5,7] or consisting of two ‘different’ amorphous phases [6] unsuitable 
for the description of the short-range order. As in fully amorphous specimens, the residual 
uncrystallized phase in the annealed samples should be represented by a distribution of 
hyperfine fields [3,10-12,15,16]. 

The intergranular component (denoted AM in table 2) was fitted by a distributed sextet. 
It is noteworthy that with respect to the original amorphous phase the average hyperfine 
field decreased but the standard deviation of P ( H )  increased in both cases. A decrease 
in the average field of the residual amorphous phase was reported also in [3-71. Both 
effects are due to changes in the short-range order which are taking place in the process of 
crystallization and they will be discussed in more detail later using 3D projections of the 
P ( H )  distributions. 

3.2. Mossbauer spectra 

Time-dependent evolution of crystalline components in Fen 5-xCu1Nb3+xSi13 5Bg annealed 
at 550°C is demonstrated by means of the Mossbauer spectra in figures 1 and 2 for x = 0 
and x = 1.5, respectively. An increase in the Nb content at the expense of Fe reduces the 
Fe-to-Nb ratio and, as a consequence, the onset of crystallization in the x = 1.5 sample is 
delayed. 

The behaviour of the residual amorphous phase in the course of isothermal annealing can 
be seen from the parameters of the distributed components in figure 3. Relative area A,,, 
of the distributed sextet in a Mossbauer spectrum is directly proportional to the amount of 
the intergranular phase in a specimen. The open circles in figure 3(a) show a steep decrease 
in the relative area for x = 0, which implies rapid crystallization of this sample. As for the 
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Figure 1. Room-tempenrum MGssbauer spenn of the Fen.~CulNb3Si13,5By alloy taken after 
the indicated annealing times at S O 0  C in vacuum. 

n = 1.5 sample, the higher Nb content causes a moderate decrease in the amount of the 
residual amorphous phase as shown by the full circles in figure 3(a). It can be concluded 
that the fine-grain structure formation in the Fe,3.5-xC~~Nb3+~Si,3,5B9 alloy can be reduced 
by increasing the fraction of Nb atoms. 

The time dependences of the average fields, (H), are illustrated in figure 3(b). The 
sample with higher Nb content (x = 1.5) (full circles) depicts lower (H)-values in the whole 
range of annealing times than does the x = 0 alloy (open circles). This can be explained 
by higher number of Fe atoms that have mostly Nb atoms as their nearest neighbours in the 
x = 1.5 sample. 

The steep decrease in (H) for x = 0 (open circles in figure 3(b)) within the first 2 h 
of annealing is connected with rapid crystallization of this alloy, as mentioned above. Fast 
segregation of Fe and Si atoms ffom the original precursor quickly reduces the number of 
Fe atoms with higher hyperfine fields, and the Fe atoms with Cu, Nb and B in their local 
surroundings start to dominate. Consequently, the resulting hyperfine field is reduced. 

The same mechanism can be used to interpret the decrease in (H) in the x = 1.5 
sample in the c o m e  of annealing. The different character of the curve also suggests 
different crystallization kinetics for this alloy. The higher Nb content in the x = 1.5 sample 
causes changes in the magnetic structure of the %-cast amorphous specimens, too. They 
are demonstrated by the fall in the (H)-value in table 1 with respect to the x = 0 sample 
as well as by the different orientations of the net magnetic moment. Taking the parameter 
D23 from table I into account, we conclude that for x = 0 the moments are oriented nearly 
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Figure 2. Room-temperature Mdssbauer specha of the FenCutNb&i135Bg alloy taken after 
the indicated annealmg times at 550°C in vacuum. 

randomly and those for x = 1.5 sample depict a tendency to turn out of the ribbon plane. 
As for the samples annealed for 1 h the Dz3-values of the residual amorphous phase 

are 2.65 and 3.23 for x = 0 and x = 1.5, respectively. In both cases an increase in DU 
is observed with respect to those of the original as-quenched state. This can be associated 
with changes in the magnetic smcture of the intergranular component which are both time 
and concentration dependent (see below). It should be noted that DU for the crystalline 
components was fixed during the fittlng procedure to the value of 2.8, as in [5,6]. 

The increase in the standard deviations UH of the P(H) distributions with increasing 
annealing time in figure 3(c) for both samples implies changes in the local short-range 
order. They are taking place during heat treatment when, owing to crystallization, the 
nominal composition of the constituent elements in the residual amorphous phase differs 
from that observed in the original as-quenched state. We discuss the changes in the local 
short-range order with the help of 3D projections of the P(H) distributions in the next 
section. 

3.3. Hypeflne field distributions 

The hyperfine field distributions P ( H )  provide direct information concerning the short- 
range order. To analyse the changes in the atomic arrangement of the residual amorphous 
phase with respect to the proceeding crystallization, i.e. annealing time, we adopted 3D 
projections of the corresponding distributions. They are shown in figures 4 and 5 for the 
Fe,3.5-xC~1Nb3+,Si13.~B~ alloy with x = 0 and x = 1.5, respectively. 
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Figure 3. Parameters of the residual amorphous phase i n  the Fe,,.s-=Cu,Nb,+,SilrsBp alloy: 
(a) relative amount A,I: (b) nverage hyperfine field, (H); (c) standard deviation U,! of P ( H ) .  
plotted against the annealing time t for x = 0 (0) and .z = 1.5 (0). 

Figure 4. 3~ projections of the hyperfine field Figure 5. 3~ projections of the hyperfine field 
dishibutions corresponding to the residual amorphous dishibutions corresponding to the residual amorphous 
phase of the F ~ ~ ~ . s C I I I N ~ ~ S ~ ~ . S B ~  alloy. phase of the FqzCulNb4.rSil3.rB9 alloy. 

The field values on H are given on the abscissa and their probability values P(H) on 
the z axis. Stacking the individual P(H) with respect to the annealing time, we obtained 
the y axis of the 3D distribution. It should be noted that the time axes in figures 4 and 5 
are not linear but nearly logarithmic. 
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3D projections exhibit complex information about changes in the short-range order 
according to the annealing time and field values. Choosing different viewpoints on the 
3D ,gaphs, we are able to inspect all P(H)-values. Thus, mutual correlation between the 
investigated parameters can be revealed. 

We interpret the bimodal nature of the P(H) that we obtained as due to the presence 
of two distinct types of resonant atom surroundings. High-field values can be associated 
with-those Fe atoms which have primarily Si and B as nearest neighbours, whereas the 
low-field component is ascribed to the Fe atoms surrounded by Cu, .Nb and also B. The 
average hypefine field derived from the completely amorphous samples (see table 1) agrees 
reasonably well with the results of ZemEfk [3] and Rixecker et al 171. 

ZemEik [3] adopted two superimposed Gaussian distributions indicating two types of 
surroundings to model the distribution. asymmetry. Ixthe analysis of me as,cast samples, 
Rixecker et al [7] employed the program of LeCaer and Dubois [17] and obtained also 
bimodal P(H). 

Looking at figures 4 and 5 one can see two distinct humps which correspond to the 
bimodal nature of P ( H )  as discussed. above. Since both graphs are drawn on the same 
scale, the more pronounced decrease in the high-field hump in figure 4 suggests rather 
rapid crystallization in the x = 0 sample. The high-field hump represents those Fe atoms 
which are surrounded mostly by Si and B atoms, and these are the elements from which the 
crystalline phases have been formed. That is why it is not surprising that it is mainly the 
high-field hump that decreases during annealing, i.e. crystallization. This is also the origin 
of the decrease in A d  and (H) in figures 3(u) and (b) ,  respectively. 

Even though the overall amorphous content A,, is falling, the number of Fe atoms 
which have mostly Nb, Cu and possibly some B atoms as their nearest neighbours and 
which are represented by the low-field hump is rising. This behaviour is seen better in 
figure 5 for x = 1.5. In figure 4 the decrease at 16 h is only apparent because we have to 
take the mutual ratio of the low-field to the high-field peak into account. In this caSe even 
the close-to-zero field values are increasing. Moreover, the overall intergrmular phase is 
strongly reduced as seen in figure 3(a) (open circles). 

The increasing importance of Fe atoms surrounded by Nb, Cu and B is explained by 
the poor solubility of these elements in the Do3 F e 4  alloy [4] which, in turn, leads to their 
clustering. Consequently, the following effects are observed 

(i) the average hypefine field is decreased as seen in figure 3(b) 
(ii) the standard deviation in fi,pe 3(c) is increased. 

The latter can be interpreted as due to qualitative changes in the short-range order of 
both chemical and topological origin which give rise to the formation of new surroundings 
of the resonant atoms. As a result, changes in the structure, which are represented by the 
standard deviation, and in the magnetic properties of the residual amorphous phase (reflected 
through the average field values) are~revealed. 

The decrease in the field values is demonstrated in figure 4 and 5 by a shift in the 
maximum high-field hump positions toward lower H values with increasing annealing time. 
The increase in the Nb content for x = 1.5 is also accompanied by changes in the short- 
range order. This is demonstrated by different positions of the maximum peak vdues which 
are situated more to the left than those for the x = 0 sample. 

4. Conclusion 

During the isothermal heat treatment of the amorphous Fe,3.5-~CulNb3+,Si13.5B9 alloy, 
not only are crystalline grains formed but also the residual amorphous phase undergoes 
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significant changes. First of all the amount of this phase is reduced with annealing time. 
The rate of the decrease depends on the Nb content. An increase in x slowed down the 
crystallization. 

Noticeable changes take place in the short-range order of the residual amorphous phase. 
With progressive crystallization, segregation of Fe, Si and B from the original precursor 
reduces the number of Fe atoms with high hyperfine fields. As a consequence, the average 
hyperfine field is falling. On the other hand, those Fe atoms which have mostly Nb, Cu 
and possibly some B atoms as their n m t  neighbours start to dominate. Because their 
hyperfine fields are rather low, they enhance the above-mentioned effect of the average field 
reduction. 

Changes in the local arrangement of the constituent elements in the residual amorphous 
phase are also reflected through an increase in the standard deviation. This can be associated 
with the formation of chemically and topologically new surroundings of the resonant atoms 
which are created during the annealing. 

In order to understand the interesting behaviour of the Fe-Cu-Wi-B nanocrystalline 
alloys it seems inevitable that the intergranular component should also be studied. In these 
investigations a crucial role is played by Mossbauer spectroscopy which is able to scan the 
short-range order arrangement via hyperfine field distributions. 
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