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Abstract The nanocrystlllzation process taking place during isothermal annealing at 490 ' C  
in FensCuNb3Si17.5BS amorphous alloy was studied as a function of annealing time by using 
transmission Mbssbaurr spectroscopy. Two different stages were found: a first one where mainly 
changes in the shun-nngr order pmmeters of the amorphous phase occur. and a second one 
where nanocrystals with DO3 S L N C ~ U E  appear. The silicon content in the nanocrys~ls decreases 
with annealing ume In a final value of about 22 at.%. The first stage is also observed after I hour 
annealing ar 450 ' C  or after cycling the amorphous sample from mom temperature to 490 "C at 
a rate of 160 'C m i - '  several times. The magnetic moments in the amorphous phare rend ro 
align parallel to the surface of the ribbon especially in the fin1 stage of nanocrystalliution. The 
nanocrystalline phase formed in the second stage shows also a preferential magnetic orienrarion 
parollel to ihnt surface. The existence of two stages is corroborated by differential scanning 
wlonmetry. transmission electron miemscopy and Image analysis. The overall observations 
strongly suggest that nanocryswlliwion is dnven by nucleation and growth. 

1. Introduction 

Since Yoshizawa er a1 [ I  ] reported the excellent soft magnetic properties of the annealed Fe- 
Si-B-based amorphous alloy with some Cu and Nb called FINEMET, a lot of effort has been 
devoted to investigating the nanocrystalline structure responsible for those properties [16]. 
The nanocrystalline structure obtained during annealing of the amorphous alloy is linked 
to the presence of Cu and Nb. Since Cu is virtually insoluble in Fe, its local clustering 
enhances nucleation of the nanocrystalline grains [1-4]. The Nb addition stabilizes the 
residual amorphous phase and retards grain growth [ I ,  461.  

The crystallization process of FINEMET materials has been studied by several techniques 
in order to obtain an overall view of the mechanisms that control the nanocrystallite 
formation [2-121. However, the kinetics of the crystallization process is still not fully 
understood. Recently, several Mossbauer studies [7-91 have been performed to get 
deeper information about the crystalline and amorphous phases present in the onset of 
crystallization. General features are (i) an F e S i  phase with DO3 structure precipitates from 
the amorphous phase and (ii) there is a reduction of the average magnetic hypefine field 
and an increase in the standard deviation of the magnetic hyperfine-field distribution of the 
remaining amorphous phase with respect to the initial one, a consequence of its enrichment 
in B, Nb, and Cu. 
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The most widely studied material is Fe73.5CuNb3Si13.5B9. Rixecker eta! [7] found that 
after one hour annealing at 550 'C the crystalline phase has about 18.6 a r %  Si and the 
amorphous phase about 38.3 at.% Fe. Hampel et nl [8] and Pundt et nl [9] reported that 
after one hour annealing at 520 "C grains of about IO nm size (about 20 at.% Si) and 
possibly FezB andlor Fe3B crystals in an amorphous phase with 50 at.% Fe were formed. 

Miglierini [ 101 studied the onset of crystallization of amorphous Fe7~.~_,CuNb,+,Sil~.sBs 
with x = 0 and 1.5 annealed at 550 "C. Nb addition reduces the average magnetic hyper- 
fine field of the amorphous phase. increases the tendency of the magnetic moments to align 
parallel IO the surface and slows down the Fe-Si nanocrystalline formation. The magnetic 
hypefine-field distribution profile related to the amorphous phase is associated with two Fe 
neighbours sites: those rich in Si and B with a high magnetic field and those rich in Cu 
and Nb with a low magnetic hyperfine field. 

Kataoka et a1 [l I ]  studied the crystallization behaviour of F ~ ~ ~ , S - , C U , N ~ J S ~ I ~ . ~ B ~  alloys 
with x = 0, 0.5, 1.0, and 1.5. Without Cu they observed the simultaneous precipitation of 
BCC Fe-Si and Fe3Si. When Cu was added the temperature of precipitation of Fe-Si phases 
is reduced. Magnetic moments of the amorphous and nanocrystalline phases align parallel 
to the surface of the ribbon. 

Fujinami et a1 [ 121 studied Fe73.5CuNb~Si16.5B6 alloy and related compositions without 
Cu or/and Nb. They found that Cu and Nb have competing effects: Cu segregates at 
the very early stages of annealing, enhancing the F e 4  formation; Nb inhibits Si and B 
diffusion retarding crystalline growth. 

In this paper the kinetics of crystallization of an amorphous alloy Fe73.5CuNb3Si17.sB~ is 
presented. To have a detailed understanding of the nanocrystallization process transmission 
Mossbauer spectroscopy (TMS) and transmission electron microscopy (EM) studies have 
been performed. Series of isothermal annealing at 490 "C and of heating and cooling 
cycles up IO 490 "C have been designed. That temperature has been selected from previous 
differential scanning calorimetry (DSC) and x-ray diffraction (XRD) studies 113, 141. 

I , , , . , , , . . 
-6 -4 -2  0 2 4 6 

Veloctty (mm/s) 

Figure 1. MOssbauer spectrum of the ass-meived amorphous alloy collected at room temperature. 
The fit is represcnred by B solid line. 
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2. Experimental details 

The Fe73.5CuNb3Si17 5B5 amorphous alloy was prepared by rapid solidification. The ribbons 
were 15 mm wide and 20 wm thick. The heat treatment of the samples and calorimetric 
experiments were carried out using a Perkin-Elmer DSC-7, which has a very precise control 
of the sample temperature. The specimens were heated in Au pans under purified AI flow. 
Prior to each experiment, care was taken to remove the air from the DSC cell to avoid any 
oxidation of the sample. 

TMS measurements at room temperature were performed on the as-received samples 
and on the heat-treated ones using a 57C0 in Rh source and calibrated with an a-Fe foil. 
The spectra were fitted with the program of Brand [15] by using a histogram magnetic 
hyperfine-field distribution and the Hesse-Riibartsch method [16], and including a linear 
correlation between the isomer shift and the magnetic field (DTI). This correlation is known 
to be responsible, together with the presence of anisotropic magnetic hyperfine fields. for 
the asymmetry in the spectrum of Fe-B-based amorphous alloys 1171. The spectra of 
the nanocrystalline samples have been fitted by superimposing sextets of Lorentzian lines 
corresponding to different Fe neighbourhoods in the FeSi phase, as it will be explained in 
more detail later, and with a Gaussian-shaped hyperfine-field distribution for the amorphous 
phase. A Gaussian distribution is a good compromise because of the lack of knowledge 
about the correct shape of the distribution for the amorphous phase. Moreover, i t  reduces the 
difficulty of the fitting procedure when amorphous and crystalline phases are simultaneously 
present. The magnetic hyperfine-field distribution in the amorphous phase has been fitted 
by superimposing 40 subspectra, from 0 T to 40 T with a step of 1 T, of 0.25 mm s-' full 
width for each Lorentzian line, with a linear correlation between the isomer shift and the 
magnetic field. 
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TEM observations were done with a Hitachi H-800 operating at 200 kV. The grain size 
distribution of the nanocrystals was determined by image analysis of TEM microphetographs. 

3. Results and discussion 

3.1. Amorphous as-received sample 

Mossbauer analysis of the as-received sample (figure 1 )  delivers a broad magnetic hyperfine- 
field distribution with an average magnetic field of about 20.9 T and a standard deviation 
of 5.15 T. characteristic for the Fe-B-Si-based amorphous alloys. The other parameters are 
given in table I .  The magnetic moments have a nearly random distribution as evident from 
the value, close to 2.0, of the ratio between the a r e a  of the Mossbauer absorption lines 2 
and 3 (A23 = 2.20). 

Table 1. Mdssbauer fitting pmmrlers of the amorphous as received sample. the annealed sample 
at 177 'C and thc annealed sample at 450 'C. Isomer rhiR relative Io 0-Fe (a),  change of isomer 
shift for each magnetic held (Dn). quxlrupole splitting (Qs). average magnetic hyperfine field 
(HF), standard deviation of the inagneric hypcrfine-Keld distribution (STD) and area ntio between 
lines 2 and 3 (U). 

As received 0.008(5) 0.0055(3) -0.015(3) 20.9(1) 5.15(13) 2.200) 
177 'C 0.015(5) 0.0056(3) -0.012(4) 21.00(7) 5.15(7) 2.61(3) 
450 .C -0.041(7) 0.0080(4) 0.018(3) 21.30(7) S.lO(8) 3.34(3) 

3.2. Isothermal annealing at 490 "C: Is0 series 

Previous DSC measurements [13. 141 under isothermal annealing at 490 "C show a rapidly 
decaying exothermic signal overlapped with a crystallization peak, as reported in figure 2. 
The decaying exothermic signal lasts only a few minutes (3 min) while the crystallization 
peak extends from about 3 to 30 min. Moreover. the crystallization rate is slow enough for 
the study of the evolution of the sample under isothermal annealing. XRD shows that there 
is no iron boride formation even for long annealing time [14]. Further. under continuous 
heating the formation of borides occurs at temperatures higher than 700 "C [13]. For these 
reasons isothernial annealing at 490 'C for 3, 10, 30. 60, 120, and 240 min (ISO series) has 
been performed to study the nanocrystallization kinetics by TMS. 

Two different crystalline structures are stable for an F e 4  alloy: a Bcc structure and a 
DO, ordered superstructure. Compositions with less than IO at.% Si have a Bcc structure 
with partial substitution of Fe by Si. In the contrast, DO, is defective but stable for 
compositions between 10 and 25 at.% Si [7, 181. The BCC structure has a negligible 
probability for sites with less than 5 Fe near neighbours (five NN) and the values of the 
magnetic hyperfine fields related to the significant possible sites are 33.1 T (eight NN), 
30.1 T (seven NN). 27.5 T (six NN). The DO, structure has two main sites: D and A. The 
D sites (all them having eight NN) have a magnetic hyperfine field of about 32.4 T. The 
A sites have magnetic hyperfine fields of 31-32 T (for eight NN and seven NN), 28.8 T 
(six NN), 24.5 T (five NN) and 19.8 T (four NN). The Mossbaucr spectra of the IS0 series 
have been fitted by superimposing one subspectrum for the amorphous and five subspectra 
corresponding to four, five, six, seven, and eight iron near-neighbour sites for the crystalline 
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phases. All of them are shown in figure 3. They are related to the possible existence of 
both BCC and DO, structures. The correlation of different iron near-neighbour sites with 
the relative areas of the crystalline subspectra is based on previous studies [18]. 

3.2.1. Amorphous phose evolution. The hyperfine parameters related to the amorphous 
phase in 1s0 series were deduced from the evaluation of the spectra obtained. They are 
presented i n  figure 4 and figure 5 which show, respectively, the changes of the IS (isomer 
shift) and Qs (quadrupole splitting), and those of the HF (average magnetic hyperfine field) 
and STD (standard deviation of the magnetic hyperfine-field distribution). Two different 
stages are easily seen from the results presented in both figures. In the first stage IS and QS 
diminish, HF slightly increases and STD does not change significantly. This takes place in 
about the first three minutes of annealing time. In the second stage IS and QS increase, HF 
decreases, and STD increases. These two stages have the same duration as those found by 
DSC analysis. 

The hyperfine parameters of the amorphous phase are related to the short-range order 
(sRO) of the iron near neighbours. Therefore, the slight but significant increase in the 
average magnetic hyperfine field during the first stage, together with the unchanged value 
of the width of the magnetic field distribution, should be assigned to an increasing magnetic 
interaction of the iron neighbour atoms. This increase in the magnetic interaction may be 
the result of two possible mechanisms. The first one is the diffusion out of the amorphous 
phase of elements which can shield the magnetic interaction among iron neighbours. Copper 
seems to be the most probable candidate because it is virtually insoluble in iron and its local 
clustering has already been observed [Z, 3, 41. The second one is a reduction of the free 
volume of the amorphous phase during relaxation. This effect has been reported [7, 91 
after heating the sample at temperatures between 150 "C and 300 "C for long times (6 
weeks). The changes observed in the SRO parameters (IS. QS, HF, and STD) support with 
both mechanisms. 

During the second stage of crystallization, as shown in figure 5, the average magnetic 
hyperfine field decreases and the width of the magnetic field distribution increases 
dramatically. These changes correspond to a reduction of the magnetic interaction among 
iron neighbours due to the loss of iron (or the enrichment in Cu and Nb), consequent to 
the precipitation of the F e S i  phase. Figure 6 shows the percentage of iron, which has 
been evaluated from the relative areas of the subspectra, in the amorphous phase and in the 
various sites of the nanocrystalline phase in the 1s0 series. In the first stage no big change 
in the iron content of the amorphous phase is detected. However. in the second stage the 
iron content decreases while nanocrystallization occurs. After four hours' annealing about 
40 at.% Fe remains in the amorphous phase. Taking into account that the final composition 
of the nanocrystalline phase evaluated is Fe18Si22, the volume fraction of amorphous phase 
is about 42%. This result agrees with estimations made from the crystallization enthalpy 
measured by DSC [141. 

Figure 7 shows the evolution of the area ratio of lines 2 and 3 (AB) observed for the 
amorphous phase during the isothermal treatment. In the first stage A23 clearly increases 
and reaches a value of about 3.35. Such a result, as also quoted by other authors [7-121, 
indicates a clear alignment of the magnetic moments parallel to the surface of the ribbon. 
In the second stage, the uncertainty in the evaluation of the A23 value is very high because 
of the presence of the subspectra corresponding to the nanocrystalline phase. However, 
considering the error bars shown in figure 7, it is steady or increases slightly. 
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3.2.2. Nanocr.wralline F e 4  phase evolution. Figure 6 shows the percentages of iron 
content in the sites indicated as determined from the corresponding subspectra. From the 
significant presence of the four NN and five NN sites from the beginning of the crystallization 
process, i t  is inferred that the nanocrystals have a DO3 structure. The values of Is, QS, and 
HF of each subspectrum appear unchanged during the whole crystallization process. Their 
average values and standard deviations are shown in table 2. The fitted values agree with 
those corresponding to a DO3 F e S i  phase. 

The silicon content of the nanocrystalline phase was evaluated from the relative area 
between the sites four NN and (seven NN + eight NN) [7]. Presence of four NN and five NN 
in  the first minutes' annealing indicates an structure with silicon content in the range of 22 
to 25 at,% is formed. That is, the DO, nanocrystals form in an iron neighbourhood rich in 
silicon. After 30 minutes' annealing the DO1 phase stabilizes to about 22 at.% Si. A silicon 
content in the nanocrystalline phase between 18 and 21 at.% has been reported [7-12]. That 
quantity depends on the original FINEMET composition. In our case the original si content 
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Table 2. Average values and standard deviation (between brackets) of the isomer shin relative 
to a-Fe (Is). quadrupole splitting (Os). and magnelic hyperfine field (HF) conesponding to the 
various subspecma related to the naooclystals. 

Figure 7. Area ratio of lines 2 and 3 ( A n )  

Eight NN 0.026(7) 0.02(1) 32.4(1) 
Seven NN 0.069(8) 0.01(1) 31.3(2) 
six NN O.i4(5) -0.001(9) 28.8(5) 
Five NN 0.190(6) -0.001(1) 24.70(9) 
Pour NN 0.250(4) 0.00819) 19.82(61 

is 17.5 at.%, higher than in other FINEMET materials. Therefore, a higher percentage of 
silicon in the nanocrystals would he expected. On the other hand, the high values of the 
relative areas of the six NN and seven NN subspectra might be related to the coexistence of 
BCC and DO3 swuctures. Rixecker et a1 linked similar results to the possible sites in the 
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DO3 structure [7] and other authors [9, 111 to the possible presence of FQB and Fe3B. No 
trace of iron borides was detected in our samples after four hours' annealing at 490 "C. 

From the Mossbauer subspectra corresponding to the nanocrystalline phase a value of 
AW close to 3.3 was found. This indicates a preferred orientation of the magnetic moments 
parallel to the surface of the ribbon. 

i 

grain size(nm) 

Figure 8. Grain size distribution of the sample 
annealed at 490 T for 10 min determined by image 
analysis of I" microphotographs. 

Grain size analysis based on TEM images has ben performed. After three minutes' 
annealing the average grain size is (d)  = 5 nm with the standard deviation U = 5 nm, 
and the biggest grain detected is dmax EL: 10.5 nm. After ten minutes' annealing the values 
quoted are ( d )  = 9 nm, U = 5 nm. d,, zz 20 nm. After long annealing (four hours) they 
are (d)  = 8.7 nm, U = 10 nm, dW EL: 27 nm. The grain density increases dramatically from 
N ,  = (4.012.0) x 
after ten minutes' annealing. These results show that nanocrystals are mostly formed during 
the second stage of the crystallization process. Figure 8 shows the grain size distribution 
of the sample annealed for ten minutes. The exponential decrease of the grain density with 
increasing grain size indicates that no significant quenched-in nuclei growth occurs but there 
appears simultaneous nucleation and growth. 

3.3. Detailed study of thefirst stage of crystallization: OMS and ~ M S  

The main difficuhy in studying the first stage of crystallization is the short timing involved. 
Therefore, two series of thermal treatments have been designed in order to get a better 
understanding of this first stage. The 0 min series (OMS) corresponds to heating and cooling 
cycles (once, twice, and four times) up to 490 "C. In the 3 min series (3MS) an isothermal 
heat treatment for three minutes at 490 "C is performed before cooling to room temperature, 
each time. Heating and cooling was carried out at 160 "C min-' as well as in the ISO series. 

The Mossbauer spectra obtained after performing the OMS and 3MS series are shown 
in figure 9 and figure 10, respectively. Changes in the hypefine parameters are shown 
in figure Il(a) and (b), figure 12(a) and (b). Comparing the changes of IS and QS shown 
in figure ll(a) with those shown in figure 4, it appears that the OMS series has the same 
evolution as the Is0 series in the first stage of crystallization: which is, Is and Qs diminish. 
In contrast, the results presented in figure II(b) for the 3MS series show such an evolution 
in the first heating cycle, but in the following heating cycles the IS and Qs values increase, 

after three minutes' annealing, to N ,  = (2.5fI .O) x 10l6 
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Figure 9. Massbauer spectra corresponding IO the (IMS series, corresponding to heating 
cooling cycles ( I  lime. 2 times and 4 times) up to 490 ‘C. 

and 

as in the second-stage crystallization of the ISO series (see figure 4).  
Figure 12(a) and (b) show the changes of HF and the STD for the OMS and 3MS series, 

respectively. The OMS series shows an increase in HF and no change in the STD value in the 
first heating cycle, as observed in the first stage of the 1s0 series (see figure 5). Subsequent 
heating cycles show an unchanged value or even slow reduction of the magnetic hyperfine 
field as in the second stage of the IS0 series. The 3MS series data, presented in figure 12(b), 
shows the same evolution in the first heating cycle, but a reduction in the magnetic hyperfine 
field with an increasing standard deviation after twice annealing, as in the second stage of 
the Is0 series. 
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Figure 10. Massbauer speclra corresponding lo lhe 3MS series, cycles of three minules' 
isothermal annealing a1 490 OC before cooling to room temperature (1  time, 2 times and 4 
times). 

Figure 13 shows the percentage of iron in the amorphous matrix and in the various iron 
near-neighbour sites of the nanocrystals formed in the 3MS series. The evolution of all these 
quantities is very similar to that obtained after ten minutes' annealing in the Is0 series. 

Therefore, it can be concluded that during subsequent heating and cooling cycles the 
nanocrystallization process develops in the same way as during isothermal annealing: (i) SRO 
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changes of the amorphous phase which induce formation of nanocrystals and (ii) the main 
nanocrystallization process. Since both OMS and 3MS series have amplified the transition 
between the first stage and the second stage described in the 1s0 series, the effects of time 
and temperature are linked in both stages. 

3.4. Relaration of the amorphous phase by annealing at lower temperature 

In order to have more insight into the influence of time and temperature in the overall 
process, two samples isothermally heated for 60 min. at 177 "C and 450 'C, have been 
analysed. The values obtained for the hyperfine parameters after fitting are shown in table 
I .  The data quoted there for the 450 "C annealed sample indicate that the first-stage 
crystallization was already started during annealing at that temperature. Further, a high 
~ 2 3  value ( ~ 2 3  = 3.34) for the amorphous phase is obtained. This means a magnctization 
mainly parallel to the surface of the ribbon. Therefore, it suggests the existence of an easy 
axis of magnetization at high temperatures as already reported 17-1 21. 
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In contrast, the fitting parameters of the Mossbauer spectrum of the 177 "C sample 
show no significant changes compared with those of the amorphous sample, except a slight 
increase of the A23 value (= 2.26). That is. after such annealing the magnetic moments in 
the amorphous phase are not randomly distributed. There i s  an oblate distribution, which 
may be produced if most of the magnetic moments rotate to become parallel to the surface 
of the ribbon. This low-temperature relaxation has been obtained for longer annealing (six 
weeks) at lower temperatures (150 "C) [7. 8. 91. 

These results prove that the changes in the distribution of magnetic moment orientations 
in the amorphous phase are a low-temperature effect (relaxation), which is not related to the 
onset of crystallization. From isothermal DSC analysis it is found that the first stage of the 
crystallization process is activated at temperatures of 430 "C, while the second stage appears 
when annealing above 480 "C. As TEM results indicate that no crystals appear at 177 "C but 
a few crystalline grains appear at 450 "C with very small sizes ( ( d )  = 5.8 nm, U = 2 nm, 
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amorphous 1 2 4 

number of heating cycles 

Figure 13. Percenwge of iron in the 
various sites of the nmoclyslalline phase 
as B function of fhe annealing time in the 
3MS 

and d,, = 8.7 nm) and low grain density ( N v  = 2.9 x 1OIs cm-'). Consequently, annealing 
at about 177 "C, which is below the Curie temperature of the amorphous alloy, brings about 
an increase of the preferred orientation of the magnetic moments. 

Going a step further, raising the annealing temperature. the paramelers IS and QS 
sensitive to short-range order of the amorphous phase decrease. This agrees with a copper 
diffusion out of the amorphous phase [ I ,  2, 31, which may be the mechanism responsible 
of the activation of nanocrystallization. Such a process, called the first stage, occurs prior 
to a significant appearance of nanocrystalline grains. However, some nanocrystals are 
already formed in this stage. The second stage appears when annealing or heat treating at a 
higher temperature (typically above 480 "C), which corresponds to the main nanocrystalline 
transformation. The grains formed have a DOs structure from the very beginning of the 
nanocrystallization. In the second stage, short-range order changes are detected in the 
amorphous phase: (i) a decrease in the HF with an increasing width of the magnetic 
distribution, (ii) an increase in the IS and QS parameters. These changes should be explained 
as iron diffusion out of the amorphous phase that produces a decrease in the magnetic 
interaction and a loss of topological and chemical local order around the iron atoms. The 
evolution of the size distribution and grain density with temperature and annealing time 
show the characteristic behaviour of a nucleation and growth process. 

4. Conclusions 

In the Fe7&uNbsSi17,5B~ amorphous alloy two stages of the nanocrystallization process 
while isothermally annealing at 490 "C have been characterized by Mossbauer spectroscopy. 
In the first stage the changes of SRO of the amorphous phase are the most important. In 
the second stage the nanocrystal formation gains in importance. The two stages process of 
nanocrystallization is probably not restricted to this particular alloy, but extends in a range 
of FINEMET compositions. Detailed studies on specific alloys is under course. 

The first stage lasts only a few minutes after isothermal annealing. It is accompanied 
by an increase i n  HF and a decrease in the Is and QS in the amorphous phase. The change 
of the parameters sensitive to short-range order is interpreted as a change in the local order 
around the iron atoms. The first-stage crystallization is observed also on OMS and 3MS series 
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samples (heating and cooling the amorphous sample from room temperature to 490 "C at a 
rate of 160 "C m-' several times). 

During the second stage the Is and Qs of the amorphous phase increase and the HF 
decreases with an increasing sTD. Simultaneously, the relative areas of the various subspectra 
of the DO3 phase increase and the absolute iron content in the amorphous phase decreases. 
The DO3 phase precipitates in an Si-rich Fe neighbourhood. The silicon content in the 
nanocrystalline phase decreases from 25 to 22 at.% with increasing annealing time. The 
grain size distribution measured strongly suggests that nanocrystallization is driven by 
nucleation and growth. 

During the annealing, a tendency of the magnetic moments to orient parallel to the 
surface of the ribbon is observed (A23 reaches a value of 3.35), especially in the first stage 
of crystallization. An easy magnetic axis parallel to the surface of ribbon develops at 
490 "C. This temperature (490 "C) magnetic orientation has to be differentiated from the 
low-temperature magnetic relaxation. The low-temperature relaxation was observed when 
annealing the samples at 177 "C, which is below the Curie temperature of the amorphous 
alloy. It is shown as an oblate distribution of magnetic moments. 
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