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Melt-spun FeCuNbSiB ribbons were annealed at 540-550 “C! for various times (< 1 h). The 
development of a nanocrystalline structure was investigated by means of Miissbauer 
spectroscopy. From measured hypertme fields and intensities the crystalline phase was inferred 
to be pure Fe1 -,Si, with x=0.18 after 1 h annealing. The residual amorphous volume fraction 
was determined to be ~50%. With help of these results it has been possible to evaluate the 
amorphous contribution to magnetostriction in the nanocrystalline state. The development of a 
nanocrystalline structure was found to play a role in the main mechanisms of magnetic 
disaccommodation. 

I. INTRODUCTION 

The so-called nanocrystalline materials are solids com- 
posed mainly of two structural phases, i.e., nanometer- 
sized crystallites (10-20 nm) randomly distributed in an 
amorphous matrix.’ Most recently, special attention has 
been given to nanocrystalline material obtamed by con- 
trolled crystallization of metal-metalloid amorphous 
ribbons. In particular, the devitrified glassy 
Fe7&u1Nb3Si13~a139 has been researched as it exhibits a 
combination of remarkable soft magnetic propertiesU 
These superior soft magnetic properties are due to the mag- 
netocrystalline anisotropy of the cr-FeSi grains randomly 
averaged out due to exchange interaction between grains, 
since the latter become smaller than the exchange length. 
In addition, the high Si content of the crystalline phase 
simultaneously leads to very low saturation magnetostric- 
tion.3’5 

After a proper annealing (typically 1 h at 520-560 “C>, 
the material presents an ultrafine grain structure (around 
10 nm) of bee-Fe-Si embdded in a residual amorphous 
phase. The formation of the nanocrystalline structure is 
ascribed to the combined addition of Cu and Nb (which 
are not soluble in a-Fe) in the glassy Fe-Si-B. While Cu 
enhances the nucleation rate of a-Fe grains, Nb hinders the 
grain growth due to its higher thermal stability.“’ 

Several studies concerning the development of the 
nanocrystalline phase have been reported, However, the 
kinetics of the crystallization process, as well as the com- 
position and volume fractions of the phases resulting from 
the heat treatment, are still not fully understood. Another 
important point is the role played by boron in the crystal- 
lization process. Besides the controversy over the presence 
of interstitial B in the a-Fe-Si lattice, it is important to 
know if Fe-l3 compounds are formed upon annealing. 
Compounds of this sort will lead to deterioration of the soft 
magnetic properties owing to their larger magnetocrystal- 
line anisotropy. 

In this work, a study of the development of the nano- 
crystalline phase in the Fe73,5Cu1Nb3Si13.5B9 alloy using 
Mossbauer spectroscopy is presented. When properly ana- 

lyzed, Mtissbauer spectra can yield information not easily 
obtained by other methods. Heat treatments with fixed 
temperature and different times were performed. The re- 
sults show the compositional evolution of the constituent 
phases, reflecting the diffusion processes that occur during 
the formation of the nanocrystalline state. The amorphous 
and crystalline volume fractions have also been deter- 
mined. Combining these data with magnetostriction and 
disaccommodation results, one can gain insight into the 
basic mechanisms responsible for the very low saturation 
magnetostriction and nearly null magnetic-permeability re- 
laxation in this material. 

II. EXPERIMENTAL 

The Fe7,~gCu1NbTSi1i~3B5 (at. %) ribbons were pro- 
duced by melt spinning in air (supplied by IEN “Galileo 
Ferraris,” Torino, Italy9. Different sets of samples taken 
from the same ribbon were submitted to isothermal anneal- 
ings at 540 “C and/or 550 “C for different times t,(f,= 10, 
20, 40, and 60 min). Transient temperature effects were 
minimized by rapidly inserting the sample in a large fur- 
nace of high heat capacity. The heat treatments were per- 
formed in Ar atmosphere. The samples were rapidly ex- 
tracted from the furnace and left to cool at room 
temperature. 

Mijssbauer spectra were measured at room tempera- 
ture in the transmission mode, using a conventional 
constant-acceleration setup with a Rh( 57Co) source. 

The magnetostriction constant was measured using the 
small angle magnetization rotation (SAMR)9 method. The 
magnetic disaccommodation was measured by a feedback 
technique keeping the magnetic induction constant. lo The 
driving field variation AH=H( tz) --H( tl) between the 
fixed times t,=0.025 s and t,=O.S s, after a domain-wall 
rearrangement, was measured as a function of the induc- 
tion B for different annealing times;’ the maximum value in 
the Lw vs J3 curves was considered in order to compare the 
results obtained.” All measurements were performed at 
room temperature. 
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FIG. 1. Mijssbaucr spectrum of as-quenched Fe,,,,Cu,Nb3Si13,,B9 r ibbon, 
fitted with the Rhl distribution of Eq. (1). 

III. RESULTS AND DISCUSSION 

A. Mhsbauer spectroscopy 

Figure 1 shows the spectrum of an as-quenched ribbon. 
Similar to most ferromagnetic metallic glasses, it shows 
broad magnetically split lines arising from a hyper6ne tield 
distribution. It was found that a good fit could be obtained 
with a “skew gaussian” distribution function 

P(B) =,,,( - y--)2) ) (1) 

where oi-oI, cr, for B <B,, B > B,, respectively; a  linear 
correlation between Bhf and isomer shift was included in 
order to account for the slight asymmetry of this spectrum. 

Spectra of heat-treated sampks exhibit a  gradually de- 
veloping structure, as can be seen in Fig. 2. These spectra 
were fitted with a superposition of five discrete magnetic 
sites and a continuous P(Bhf) of the form ( 1) above. Equal 
linewidths (0.32436 mm/s) were assumed for all sites. 
Sextet line intensity ratios were left free to vary; 1s/1t was 
always close to 0.34, while Iz/itz 1.1, indicating a near 
in-plane magnetic texture (the only exception was the 
unannealed sample, for which Iz/l, =0.73, which is closer 
to, though larger than, the 2/3 ratio typical of a  randomly 
distributed magnetization). Fitted parameters pertinent to 
the continuous field distributions and to the discrete spec- 
tra are reported in Tables I and II, respectively. 

It can be appreciated from Fig. 2  that a large propor- 
tion of the alloy remains in the amorphous state after a 
standard heat treatment. The fraction of Fe nuclei in amor- 
phous regions is given in Table I. The data further indicate 
a shift of P(Blzf-) toward lower fields, reflecting the change 

I I I I I 
3 -6 -3 0  3  6  ! 
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FIG. 2. Miissbauer spectra of annealed Fe73,5Cu1Nb3Si13,5B9 samples: (a) 
10  min at 540  “C, (b) 20  min at 540  “C, (c) 60  min at 550  “c, fitted as 
descr ibed in text. Inner curve shows the contribution from the amorphous 
component .  

in chemical composit ion of the amorphous phase as Fe and 
Si diffuse into crystalline regions. 

The Bhf values found for sites I-V (see Table II) are 
very similar to those reported for crystalline Fe-Si alloys in 
the lO-25% Si range. Such alloys are easily ordered with 
the DO3 (Fe3Al-type) structure. It has been shown”“” 
that the various Bhf can be assigned to Fe atom environ- 
ments with different Fe nearest-neighbor (nn) numbers. 
Thus, subspectra III, IV, and V correspond to sites with 6, 

TABLE 1. Fitted values of the most probable hypert ine field Be, low-field and  high-field gaussian widths cr,, us, average field B,,=.fBP(B)dB, and  
reiative absorpt ion area of the amorphous component  in Miissbauer spectra. 

Treatment As-cast 540  “C/10’ 540 ‘C/20’ 540 “C/40 550 “C/60’ 

R,(T) 24.0 24.1 21.7 22.6 19.9 
q(T) 6.4 7.2 7.5 8.1 7.8 
r7~l-r) 2.9 2.8 4.5 4.0 5.7 

&,W 21.2 20.6 19.3 19.3 18.2 
%  100.0 77.8 57.9 57.3 45.8 
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TABLE II. Fitted hypertine fields (T) and relative populations of crystalline sites in Miissbauer spectra. 

Treatment 
sites 

I 
II 
III 
Iv 
V 

540 “C/10 540 “C/20’ 540 “C/40 550 “C/60 

&If %  Bkf %  BW %  BW %  

32.6 22.7 32.3 23.2 32.2 24.0 32.3 24.2 
31.0 26.1 30.7 21.1 30.7 19.4 30.6 18.1 
28.7 21.1 28.3 17.9 28.3 11.2 28.3 16.7 
24.1 13.2 24.4 19.6 24.4 20.5 24.5 22.1 
19.3 17.1 19.5 18.2 19.5 18.9 19.5 18.8 

5, and 4 nn Fe (& A,, and A4). Subspectra I and II, on the 
other hand, belong to sites with 7(A,) and S(As and D) nn 
Fe, but there is an ambiguity regarding the Bhf at the D 
site.“‘l” 

The general agreement {within better than 1%) with 
published Bhf data is strong evidence that the crystalline 
phase formed is pure Fe-Si solid solution; small amounts of 
dissolved B would be expected to reduce the Bhjs measur- 
ably. This result rules out the speculation2”4 that some B 
could be dissolved in the Fe-Si phase. An analogous con- 
clusion has been drawn from lattice parameter consider- 
ations and from atom probe analysis data.15 

No Fe borides, such as reported by ZemEii et al. r6 and 
by Kohmoto et al., I7 have been found in our samples. 

The Si concentration in Fei-$i, can be evaluated by 
comparing the relative intensities of subspectra I-V with 
the calculated fractional populations of the corresponding 
Fe environments for a Si-deficient DO3 structure. These 
are given by 

(2) 

for the D site (8 nn) and 

4! 
Jw,)= (n-4)!(f3-n)!X 

(1-4X)“-4(4Xp--n 

2( l-x) (3) 

for the A, sites (4<n<8). On account of the uncertain 
assignment of the D site, the added intensities of subspectra 
I and II were associated with the superposition of D, AT, 
and A, sites. The best x for each sample was found by the 
least-squares method. The results, displayed in Fig. 3, 
show a rapid evolution from x=15.5% [i.e., the Si/(Fe 
+Si) ratio in the amorphous alloy] to the fmal value x 
= (18.2LO.5)% Si in the crystalline grains. 

The volume fractions of amorphous and crystalline re- 
gions can be estimated from the corresponding absorption 
areas in the Mbssbauer spectra, which give the relative 
proportion of Fe atoms in both regions. By combining the 
absorption percentage (Table I) with the Fe-Si composi- 
tion results (Fig. 3), and taking into account the Si/Fe 
atomic volume ratio, we obtain the volume fractions shown 
in Table III. We note the 5 1% amorphous volume fraction 
obtained after a 1 h annealing at 550 “C! is in very good 
agreement with the result obtained by Gawior and Woch” 
from x-ray diffraction. 

It is noteworthy that the amorphous phase remaining 
after a 1 h t.reatment still contains an appreciable amount 

of Si. Indeed, if only Fe and Si atoms are assumed to 
migrate into crystalline regions, the composition of the 
amorphous phase can be estimated to be 

B. Magnetostriction and disaccommodation 

Figure 4 shows the evolution of the saturation magne- 
tostriction for different thermal treatments with increasing 
times. This behavior is explained from the balance in the 
magnetostriction (A!$) among the crystalline grains and 
the residual amorphous matrix:3 

A+,&+ (1 -“,,)fl~, (4) 

where Pan denotes the volume fraction of the o-FeSi phase. 
Using the magnetostriction results in addition to the vol- 
ume fraction estimated from Miissbauer experiments (see 
Table III), it is possible to estimate the magnetostriction of 
the amorphous phase as a function of annealing time. For 
this purpose, values of magnetostriction for polycrystalline 
cr-FeSi were interpolated and calculated from published 
data.” The results obtained are shown in Table III and are 
also plotted in Fig. 4. This result clearly illustrates the high 
sensitivity of the magnetostriction constant to the struc- 
tural and compositional changes occurring during the de- 
velopment of the nanocrystalline state. 

!; f-$ ------ +J 

z moot) zl6 
# 

15 1 i/’ 

I I I I I I I 
lo 20 30 40 50 60 70 

ANNEALING TIME (MINI 

FIG. 3. Si concentration (at. 70) in Fe-5 nanocrystals as a function of 
annealing time. Arrowhead indicates Si/(Fe+Si) ratio in asquenched 
alloy. 
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TABLE III. Crystalline volume fraction estimated from Mijssbauer results <eCr, measured magnetostriction Ly, crystalline Fe-Si magnetostriction ,lT 
(from Ref. 19), calculated magnetostriction of amorphous phase A:!, and magnetic disaccommodation AZZ. 

Treat.ment As-cast 540 “C/IO 540 T/20 540 *c/40 550 “C/60’ 

ee-r 0 0.19 0.38 0.39 0.49 
ALjy lo- “9 22.3 13.5 7.36 3.16 2.0 
A?[ 10-y . . . -2.5 - 3.5 -3.6 - 3.7 
;l;m/lO-“) 22.3 17.3 14.0 7.5 1.5 

hH( IO- ’ Aim) 72 3 1 0.7 0.5 

Using the magnetostriction values estimated above for 
the amorphous phase (A?), it is possible to verify the 
main sources of magnetic permeability relaxation in the 
n~nocrystalline materials. According to the main theories 
proposed to explain the magnetic disaccommodation in 
amorphous alloys,“9201”1 a quadratic relationship is ex- 
pected to hold between the disaccommodation and satura- 
tion magnetostriction at a given temperature. In particular, 
for Fe-based amorphous alloys the Allia and Vinai model” 
predicts: 

AH==AN,-a~, (5) 

where NT is the number of defects effect.ive at temperature 
2=, and A is a constant which includes several factors that 
are not modified by structural relaxation. 

Since NT changes during heat treatments, a reference 
sample was prepared by preannealing an amorphous rib- 
bon for 1 h at 300 “C. This temperature is too low to ini- 
tiate crystallization, so this treatment was intended to pro- 
duce a state in which nearly all irreversible processes had 
occurred, i.e., a state with greatly relaxed internal stresses 
and homogenized free volume distribution. The measured 
disaccommodation for this sample was AH= 35 x 10W3 
A/m, which is a factor of 2 smaller than for an as-cast 
sample. This etl?ect can be explained by assuming changes 
in two-level system parameters, such as a reduction of their 
total number IVY and/or a change in energy splitting.*” 

25 

20 

15 

CL=- IO 
‘0 
- 5 
.-? 

0 

-10 ’ ’ I I , I I I I 
0 lo 20 30 40 50 60 70 

ANNEALING TIME (mm) 

FIG. 4. Saturation magnetostriction as a function of annealing time: 
J,~(measured), X$(from Ref. 19), and I~“‘[calculated with Eq. (491. 

Figure 5 shows the results of magnetic disaccommoda- 
tion versus the square of the estimated 2, for the amor- 
phous phase. Already after 10 min annealing at 540 “C, a 
very strong reduction in the disaccommodation value is 
observed. Simply, the very low disaccommodation values 
in nanocrystalline materials could be interpreted as an ef- 
fect of the high reduction of amorphous volume which, in 
turn, suffered a strong structural relaxation combined with 
a reduction in Aim. However, it is clearly verified that the 
quadratic behavior is not followed (Fig. 5, dashed curve), 
even if the relaxed sample is taken as the initial point (Fig. 
5, dotted curve). In this way, the almost complete suppres- 
sion of magnetic disaccommodation in nanocrystalline 
FeT3 SCu,Nb3Si13.fiB9 can only be explained by either the 
annihilation or freezing of most of the structural defects 
responsible for this time effect, in agreement with the ideas 
proposed by Allia et aL4 

IV. CONCLUSIONS 

We have used Miissbauer spectroscopy to study the 
development of a nanocrystalline structure in an amor- 
phous Fe,3.SCu,Nb3SiIj.sB, alloy for different annealing 
times. Both the composition and volume fraction of the 
crystalline grains could be quantitatively determined. After 
a standard 1 h heat treatment at 550 “C, an ordered 
Fes,Sil, alloy was obtained, with no indication of any other 

40 

h 30 
E 
4 20 
b - 

: IO 

0 

0 200 400 600 
b.o,“)2( 1o=‘2) 

FIG. 5. Driving field variation AH (see Ref. 4) as a function of amor- 
phous saturation magnetostriction squared. Dashed and dotted curves 
represent the expected quadratic behavior considering, respectively, the 
as-cast sample and the preannealed sample data as starting points. 
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crystalline phases. For shorter annealing times, our results 
suggest a gradual Si enrichment of the Fe-Si phase, though 
the transformation appears to be essentially complete after 
20 min. 

The volume fraction of the retained amorphous phase 
-5O%, is larger than early estimates, but agrees well with 
recent x-ray det.erm.inations for similarly treated alloys. 
The discrepancies concerning volume fractions obtained by 
different. authors (e.g., Ref. 22) might be related to differ- 
ences in the initial amorphous state of the samples, as well 
as different heating and cooling rates.23 

By combining the Mossbauer data with magnetostric- 
tion results it has been possible to evaluate the time evolu- 
tion of the crystalline phase contribution to the total mea- 
sured magnetostriction, and thus to estimate the 
contribution of amorphous regions. In addition, using the 
extremely sensitive experimental technique of magnetic 
disaccommodation, it has been verified that the develop- 
ment of the nanocrystalline state has great influence on the 
degree of freedom of local defects inherent to the amor- 
phous structure. 
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