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Abstract

High-temperature in sittfFe Mossbauer spectroscopy was used to investigate the nanocrystallization processSnzEBsCuyNb; X,
(X = Zr, Nb, Mo and V) amorphous alloys. The Mdssbauer spectra were taken at temperatures where only the amorphous phase is found
in a paramagnetic state, allowing an accurate resolution between the amorphous and crystalline phases presented in the annealed ribbons
The Johnson—Mehl-Avrami theory was used to describe the increase of the crystalline fraction (in vol.%) as a function of the annealing time.
The volume fraction of the iron-silicate nanocrystalline phase, found in each of the alloys annealed under similar conditions, increases in the
sequence Z< Nb < Mo < V. The value of the Avrami exponent, determined for each alloy, is near 1, indicating a controlled diffusion
process with a nucleation rate close to zero. An activation energy of 3 eV was found for the studied alloys.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction transformation and the crystallization process in iron-based
amorphous materials. For example, with the Mdssbauer
Iron-based nanocrystalline alloys, obtained after appro- method one is able to follow the growth of different phases
priate heat treatment of an amorphous precursor, consist pri-as well as to determine their relative contents produced
marily of iron-silicate crystals embedded in an amorphous during the annealing of an amorphous alloy, leading to a
residual matrix. The grain size of iron-silicate particles is better understanding of the kinetic phenomena. However,
in the range of 5-20 nm in diameter. The formation and the in Si-bearing nanocrystalline Finemet-type alloys, the com-
thermal stability of the iron-silicate phase are attributed to plexity of the hyperfine structure of the Méssbauer spectra
the effect of Cu as well as the refractory elements, such asprevents an immediate and accurate analysis. Indeed, as
Nb, Zr, Mo and V. Cu enhances the nucleation frequency, it will be shown below, the M&ssbauer spectra show mul-
while the refractory elements can slow down the grain tiple narrow lines, which represent structurally different
growth rate[1-4]. Therefore, one of the aims of the present crystallographic sites assigned to the iron-silicate grains,
work is to gain an insight into the kinetics of the nanocrys- superimposed on a broadened feature ascribed to the resid-
tallization, in order to better understand the role of refractory ual amorphous phase. One of the main difficulties in the
elements in inhibiting the grown of the iron-silicate phase. fitting procedure is to accurately separate the amorphous
Iron nuclides are very sensitive to changes in the local and crystalline components, which are strongly overlapped
neighborhood created during the annealing process. Thereat room temperature. The validity of the fitting model also
fore, high-temperature in sitiFe Mdssbauer spectroscopy needs to be controlled to prevent misinterpretatifs In
is a suitable technique to investigate the kinetics of the phasesitu >’Fe Mossbauer measurements at temperatures above
the Curie temperaturel¢) of the amorphous samplé]
permit better resolution of the two observed components,
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Table 1
Crystallization onset temperaturnse;s and kinetic parameters for different annealing temperatudrgsincubation time tinc, rate constantk, Avrami
index, n, and saturation value of the crystalline fractiogs; for Fe;3SiizsBgCuiNbi X, (X = Zr, Nb, Mo and V) nanocrystalline alloys

X Tonset (K) Ta (K) tinc (S) k (x1074s7™) (+£0.5) n (+0.1) Xsat (%) (£3)
Zr 797 797 500 1.1 1.0 51
813 300 2.0 1.0 57
Nb 791 797 400 1.5 1.0 53
807 300 2.1 1.0 57
Mo 772 741 800 1.1 1.1 48
756 650 1.4 1.0 50
\ 763 733 800 1.1 1.1 48
769 400 1.8 1.0 53

(amorphous phase found in the paramagnetic state). Thus, The spectra of the annealed samples exhibit a complex
the amorphous subspectrum can be associated with a centratyperfine structure in which sharp lines produced by the
paramagnetic doublet, while the iron-silicate contributes crystalline phase are superimposed on the broad overlap-
to the magnetic subspectra at temperatures slightly higherping lines associated with a residual amorphous matrix. The
thanTc of the amorphous phase. contribution to the spectra corresponding to the iron-silicate
The present work examines the influence of refractory phase, with a D@ structure, was fitted assuming a set of
element substitution on the nanocrystallization kinetics five sextets, corresponding to different number of Fe and
of FeSiBCuNb-based amorphous alloys using high- Si atoms as nearest-neighbors of the Fe atoms. The amor-
temperature in sitt’’Fe Mossbauer measurements. The phous components observed in the spectra of different sam-
obtained results will be correlated with those previously ples, taken at room temperature, were fitted to magnetic
reported on the crystallization process and transformation field distributions, while in the case of spectra taken in the
kinetics of these alloys by differential scanning calorime- temperature range from 733 to 813 K, asymmetric electric
try, electron microscopy, X-ray diffraction and EXAFS quadrupolar doublets were used, since the amorphous phases

spectroscopy7-9]. are found in the paramagnetic state at these temperatures.
2. Experimental 3. Results and discussion
Fer35Si135BoCuNb1 X5 (X = Zr, Nb, Mo and V) amor- Fig. 1 shows the transmission Mdssbauer spectra of the

phous ribbons were first quenched from master alloys by a Fe;35Sii35BgCuiNbiMo, alloys. Plot (b) corresponds to
melt-spinning technique at the Polytechnical University of

Warsaw. The ribbon thicknesses are in the range of 1-3 mm.

Slabs of 15cm x 1.5¢cm from the ribbon alloys were cut 1.00
for MOssbauer analysis.

Isothermal treatments of 240 min in a vacuum Mdssbauer
furnace 10-®mbar) were performed for all alloys, at
temperatures close to the crystallization onskjde) of
each alloy determined by DSOdble 1 [7). In continu-
ous isothermal annealing, in situ Mdssbauer spectra were
recorded during 20 min using a transmission geometry with
a 25 mCi°’Co:Rh source kept at 300 K. In this experimental
geometry, they-ray direction is perpendicular to the ribbon
plane. The spectra were fitted using the NORMOS program
[10].

Mdssbauer spectra of the as-quenched alloys were fit- 0.98
ted using a distribution of hyperfine parameters, consis-
tent with an amorphous structure. In order to reproduce the 6 -4 2 0 2 4 6
asymmetrical shape of the Mdssbauer spectra, it was nec- Velocity (mm/s)
essary to in.trOdl.Jce a linear F:orrelation between the .mag_Fig. 1. 5"Fe Méssbauer spectra of the 756Sij35B9CuNb;Moy alloy:
netic hyperfine field an_d t_he |somer. Sl’ﬁﬁl!.], although it . as-quenched at 300K (a) and annealed and measured at 756 K for 240 min
ShOUk_j be noted that this linear relationship has no physical ). and the same sample used for (b) after being cooled down to 300K
meaning. (©).
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Fig. 3. In situ’Fe Mé&sshauer spectra of the 75€Si135BoCuiNb;X>
Fig. 2. In situ5’Fe Mossbauer spectra of the7E€Si1a5BoCuiNb; Moy alloys annealed at indicated temperatures for 240 mia: X (a), X = Mo
alloy recorded at 756 K during isothermal annealing for different times. (), X =Nb (c) and X= Zr (d).

the spectrum obtained after isothermal annealing of this sam- For comparison,Fig. 3 shows displayed the high-
ple at 756 K for 240 min. For comparison, plots (a) and (c) temperature in situ Mdssbauer spectra for thgsE8i135B9
display the Mossbauer spectra for the as-quenched and theCuyNb; X2 (X =V, Mo, Nb and Zr) nanocrystalline alloys
annealed samples, after cooling down the sample (plot (b)) submitted to heat treatments under similar conditions, for a
to room temperature. period of 240 min at 733, 741, 807 and 813 K, respectively.
As discussed irsection 2 the fits of these spectra were These temperatures correspond to the onset temperatures
done using one component associated with the amorphousminus 30K {Hnset— 30K) for the V- and Mo-containing
phase (magnetic distribution for plot 1a or doublet for alloys and onset temperatures plus 16fKn6et+ 16 K) for
high-temperature spectrum) and a set of sextets attributedthe alloys with X= Nb and Zr. As can be seen the spectra
to the DG structure of the iron-silicate phase (plots (b) and have also two distinct components: the doublet associated
(c) of Fig. 1). Also for all the as-quenched alloys, the ori- with the amorphous phase in paramagnetic states and a set
entation of Fe magnetic moments was calculated from the of sextets attributed to the iron-silicate phase. The volume of
ratio of the respective line intensities given by:3:1x:3 the crystalline fractions of the iron-silicate phase, obtained
with x = 4sirf(0)/(1 4+ cog(9)), whered being the angle  from the fittings of the Méssbauer spectra recorded after the
between the incideny-ray and the direction of the mag- isothermal treatment, for 240 min are roughly 44% for the
netization. As the incident photon direction is along the alloys annealed dfpnset— 30 K (Mo- and V-based alloys)
normal of the sample surface one should observe 3:4:1:1:4:3and about 53% for the alloys annealedlgtsei+ 16 K (Zr-
for in-plane magnetization, whereas out-of-plane results in and Nb-based alloys), regardless of the composition.
3:0:1:1:0:3. In as-quenched samples, the relative line in- Fig. 4 shows the dependence of the iron-silicate phase
tensity from the spectrum indicates that the magnetization volume fractions of the Fg5Si135B9CuiNb1 X2 nanocrys-
of the Fe atoms is in the ribbon planes for Nb-, Mo- and talline alloys obtained as a function of annealing time, for
V-containing systems, while isotropic magnetic domains is isothermal treatment at: (&ynsett+ 16 K, (b) Tonsett6 K and
observed for Zr-based alloy. (c) Tonset— 30 K. For all curves in this figure, it is observed
Fig. 2shows the time dependence of the Méssbauer spec-that the iron-silicate phase crystalline fraction volume in-
tra for the Fe35Si135B9CuiNbiMo2 alloy recorded during creases monotonously with annealing time up to a saturation
isothermal annealing at 756 K. All spectra are composed of avalue, which depends on the annealing temperatligg)
central doublet, associated with the amorphous phase in theThe corresponding curves at the sai€ (=Tann— Tonse,
paramagnetic state, superimposed on a broad magnetic subtbelow or above the respective crystallization onset tem-
spectrum attributed to the DGtructure of the iron-silicate  perature of each alloy, are superimposed. In terms of the
phase. From this figure, it can be seen that the relative ab-crystalline fractions, this feature might indicate that the only
sorption area of the amorphous subspectrum (doublet) de-difference in the behavior of these studied alloys is the sta-
creases with the increase of annealing time. On the otherbility of the amorphous alloys precursor against nanocrys-
hand, this effect corresponds to an increase in the volumetallization. Similar results were obtained from in situ X-ray
fraction of the iron-silicate nanocrystalline phase due to the diffraction measurements using a synchrotron radiation
crystallization process that is in progress. source[8].
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regions acting as catalyzers of the crystallization of the
Fig. 4. Dependence of the iron-silicate fraction obtained insF8i135Bg iron-silicate nanophase. The presence of Cu-clusters has
CuNby X2 nanocrystalline alloys as a function of annealing time per- peen also detected by APFIM in FeCoNbBCu allfi8].
formed at constant temperatures of: {@ser+ 16K, (b) Tonser-6 K and The diffusion velocity for the distinct atomic species is
(C) Tonset— 30K. . . . . . .
different and varies in a different way as the crystallization
. , . progresses. High contents of refractory element (like as Nb
The time dependence of the crystalline volume fr_acﬂon and B atoms) have been determined by APFIM at the periph-
was described in terms of the Johnson-Mehl-Avrami equa- gy of crystalline grains in Finemet alloy$6]. Therefore,
tion [12]: the cluster formation effect creates a diffusion barrier due
to the segregation of the refractory elements (Nb, Zr, V and
Mo) and B atoms, which are responsible for the inhibition
wherex(t) is the normalized crystalline volume fraction rel- of iron-silicate grain growth. Moreover, it can be expected
ative to the asymptotic value for long-time annealik(y) that the segregation is one of the main phenomena respon-
the rate constani the Avrami exponent antg,c the incuba- sible for the increase of the local activation enef$9,20]
tion time, i.e., the annealing time before the onset of crys- In our case, the activation energy values were calculated to
tallization. If the kinetics follows the Avrami law, a plot of ~ be roughly 3 eV, independent of the refractory-based alloys.
InN[—In(1 — x)] versus Irfr — finc) results in a straight line The presence of cluster formation in our samples can be
with slopen. explained based on the bimodal behavior of the hyperfine
Table 1displays the kinetic parameters obtained from field distribution, corresponding to the residual amorphous
fits with the Johnson—Mehl-Avrami equation for the intergranular phase shown Kig. 5.
Fer35Sit35BgCuiNbi X5 (X =V, Mo, Nb and Zr) annealed Thus, the two peaks observed in the hyperfine field distri-
alloys. bution curve may be due to the presence of two magnetically
As expected, the incubation timg,§) decreases and the distinct types of iron sites within the remaining amorphous
rate constantk) increases with the annealing temperature. phase: the high-field values can be attributed to the Fe
The values of the Avrami exponent are close to 1 for the atoms having preferentially Fe, B and Si atoms as nearest-
studied alloys, in agreement with those previously reported neighbors, whereas the low-field component is ascribed to
for Finemet alloys[8,13]. Similar values are also found those surrounded by refractory elements. The growth of
for Hitperm-type (FeCoNbBCu) alloy|d4], whereas expo-  the iron-silicate crystallite is hindered by slowly diffusing
nents ranging between 1.8 and 2.2 have been reported foinhibitors accumulating at the surface of the crystallite.
Nanoperm-type (FeZrB) alloyjd5]. For all the alloys, tha
values near to 1 are related to features of the crystallization
mechanisms in those types of alloys and it may be attributed4. Conclusions
to: (i) a controlled diffusion process with a nucleation rate
close to zero and/or (ii) the presence of Cu-clusters preced- Time dependent in situ isothermal Mossbauer experi-
ing to the nanocrystallization of the iron-silicate phase, as ments have been performed at several temperatures in order
revealed by atom probe field ion microscopy (APFINIE] to study the kinetics of the nanocrystallization process of
and extended X-ray absorption fine structure (EXAFS) spec- the FeSiBCuNbX (X= Zr, Nb, Mo and V) amorphous
troscopy[9,17], which reduce the stability of the Fe-rich alloys. This process was followed by measuring the relative

x(t) = 1 — exp[—k(t — tinc)"]
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