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Abstract
The crystallization process in Fe73.5Cu1RE3Si13.5B9 ribbons with RE = Pr, Nd,
Gd is investigated using differential scanning calorimetry, x-ray diffraction and
Mössbauer spectrometry. The crystallization steps are characterized after both
short time (1 h) isothermal annealing in the 350–650 ◦C range of temperature
and long time (24 h) isothermal annealing at 650 and 700 ◦C. It is found that the
crystallization process is the same for the Pr- and Nd-containing ribbons and
the crystallization products are α-Fe(Si), Fe2B and (Fe, Si)23B6. For the Gd-
containing sample, the crystallization occurs at a higher temperature, the same
crystallization products are formed and Gd-containing phases are detected after
24 h, 700 ◦C annealing. The nature of the rare earth influences the crystallization
kinetics, as the crystallization process for both Pr and Nd ribbons starts at a lower
temperature and has a lower activation energy than that of the Gd ribbon, which
is comparable to that of the Finemet alloy.

1. Introduction

Nanocrystalline Fe73.5Cu1Nb3Si13.5B9 (Finemet) alloys are obtained by annealing melt spun
amorphous ribbons, achieving a nanostructure consisting of α-Fe(Si) nanocrystals embedded
in a residual Fe–Nb–B amorphous matrix [1, 2]. The excellent soft magnetic properties
of these alloys are related to their nanostructure [3]. A Finemet alloy thus exhibits a
high saturation flux density and a very attractive combination of soft magnetic properties
such as high permeability with high saturation magnetization [4, 5]. This is related to the
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disappearance of the magnetocrystalline anisotropy on a macroscopic scale and to a very
weak magnetostriction [6]. The Cu and Nb additives play a key role in the formation of the
nanocrystalline state: Cu multiplies the nucleation centres and Nb inhibits grain growth [7].
The annealing parameters (time, temperature and atmosphere) must be controlled [8] and the
nanocrystalline state can be obtained after conventional annealing under vacuum or an Ar
atmosphere for typically 1 h at 550 ◦C.

The magnetic properties of Finemet-type alloys are strongly influenced by the
crystallization process and the nature of the crystallized products. Thus, the addition of
other elements or substitution for some of the constituents in soft magnetic nanocrystalline
Finemet are methods widely used to modify the magnetic properties of the alloy. Slight
changes in the chemistry of the initial nominal composition are expected to lead to different
crystallization kinetics and can lead to different crystallization products. This is the case for
rare earth addition. Indeed, it has been shown that Gd addition changes the microstructure
of the nanocrystalline alloy by promoting the formation of Gd–Fe–B ternary phases [9], thus
affecting the magnetic properties of the alloy [10, 11]. In addition, the replacement of Nb
by a rare earth (Pr, Nd, Gd) can promote the formation of a nanocrystalline structure at an
optimum annealing temperature, and results in an increase of the coercivity after annealing at
temperatures higher than the optimum temperature [12]. Thus, it appears that the nature of the
rare earth influences the magnetic properties of Finemet-type alloys, and this can be related
to a modification of the crystallization process. Consequently, the influence of the nature of
the rare earth on the crystallization process of Finemet nanocrystalline alloys has still to be
investigated. This is the aim of the present investigation.

We present here the results of combined differential scanning calorimetry,x-ray diffraction
and Mössbauer spectral studies of the crystallization process of Fe73.5Cu1RE3Si13.5B9 ribbons
(RE = Pr, Nd, Gd). The influence of the annealing temperature and time are emphasized.

2. Experimental details

Amorphous ribbons of nominal composition Fe73.5Cu1RE3Si13.5B9, with RE = Pr, Nd or Gd,
were prepared by melt spinning under an inert Ar atmosphere. In the following, the ribbons
are denoted as Pr ribbon, Nd ribbon and Gd ribbon, respectively. Annealing treatments were
performed at temperatures between 350 and 650 ◦C for 1 h and at 650 and 700 ◦C for 24 h in
a tubular furnace under a secondary vacuum (10−5 Pa) with a continuous pumping, to prevent
oxidation. For each treatment, the three ribbons were annealed together, in the same sample
holder. The thickness of the ribbons is about 40 µm.

The crystallization kinetics was studied by differential scanning calorimetry (DSC) using a
Perkin-Elmer DSC-7 calorimeter at heating rates 4–80 K min−1, in the 100–600 ◦C temperature
range.

X-ray diffraction (XRD) analyses were performed by means of reflection, in an evacuated
chamber using a fast curved detector INEL CPS 120. The x-ray generator is equipped with a
Co anticathode, using Co Kα radiation (λ = 0.179 09 nm). XRD allows one to investigate a
surface layer of about 5 µm.

Mössbauer spectral (MS) analyses were performed at room temperature by means of
transmission using a 57Co source in a rhodium matrix, the γ -beam direction being perpendicular
to the ribbon plane. Transmission MS analysis allows one to analyse the ribbons across their
whole thickness. The isomer shift is relative to metallic α-Fe at room temperature. The
hyperfine field is denoted as B . Estimated errors for the hyperfine parameters originate from
the statistical errors σ given by the fitting program [13], taking 3σ .
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Figure 1. DSC scans of the Pr, Nd, Gd and Finemet ribbons (heating rate 10 K min−1).

3. Results

3.1. Kinetic parameters of the first crystallization process: DSC experiments

In order to characterize the influence of the rare earth on the first crystallization process of the
amorphous ribbons, DSC experiments were performed. Typical DSC scans obtained with a
10 K min−1 heating rate are shown in figure 1, where they are compared with the DSC scan of
a Finemet ribbon performed in the same experimental conditions. The Pr and Nd ribbons show
similar behaviours, the maximum of the first exothermic peak being around 490 ◦C for both
samples. For the Gd ribbon, the position of the maximum of the exothermic peak is around
550 ◦C, very close to that of the Finemet ribbon. This suggests that the Pr and Nd ribbons have
very similar crystallization behaviours, different from that of the Gd ribbon.

The kinetic parameters of the first crystallization process (activation energy E , pre-
exponential factor K0 and Avrami exponent n) were calculated for each alloy by means of
the Kissinger method, according to the Johnson and Mehl, Avrami and Kolmogorov (JMAK)
nucleation-and-growth theory [14], starting from the basic JMAK equation for a constant
heating rate:

α(T, v) = 1 − exp[(−K (T )T/v)n] with K (T ) = K0 exp(−E/RT )

where α is the crystallized volume fraction, K (T ) the nucleation and growth rate constant,
R the gas constant, T the temperature, v the heating rate and n the Avrami exponent. The
experimentally obtained dependences of ln[ln(1 − α)] versus ln(T/v) − (E/RT ), shown
in figure 2, are not linear. They can be divided into two linear parts, in such a way that they
determine two different Avrami exponents corresponding to the middle and final crystallization
stages. In the middle stage the values of n are usually between 2.5 and 4, suggesting a three-
dimensional nucleation and growth process. In the final stage, n decreases and approaches a
constant value of around 0.7, indicating a strong reduction of both nucleation rate and grain
growth [15]. The kinetic parameters obtained are given in table 1.

The values obtained for Pr and Nd ribbons are very close, thus confirming that the
first crystallization processes of the Pr and Nd ribbons are similar. K0 is related to
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Figure 2. Experimental dependences of ln[ln(1 − α)] versus ln(T/v) − (E/RT ), for the Pr, Nd,
Gd and Finemet ribbons.

Table 1. Kinetic parameters related to the first crystallization step of the amorphous ribbons
obtained from the DSC curves according to the JMAK theory.

Pr ribbon Nd ribbon Gd ribbon Finemet

E (kJ mol−1) 269 ± 16 253 ± 13 338 ± 6 359 ± 14
K0 (s−1) 3.0 × 1016 2.5 × 1015 3.8 × 1019 6.4 × 1020

n (middle stage) 5.0 4.4 3.4 2.4
n (final stage) 0.70 0.79 0.66 0.80

the frequency factor in single-atom processes during normal crystallization, having typical
values in the 109–1014 s−1 range, and is higher by several orders of magnitude for a
nanocrystallization process. The values of K0 obtained for the Pr and Nd ribbons are not
typical for a nanocrystallization process, especially for the Nd ribbon. This suggests that the
nanocrystallization proceeds not only by single-atom processes, but also by more effective
ones, such as the cluster-shear mechanism [15]. These results indicate that the microstructure
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of the crystallized Pr and Nd ribbons is not as fine as that of a Finemet alloy, for which the grain
size is typically 10 nm. This is in agreement with previous transmission electron microscopy
observations of Nd ribbons annealed at 425 ◦C for 1 h, which reveal crystals with grain size
between 40 and 100 nm and a small nucleation density [12].

The values obtained for the Gd ribbon are close to those for the Finemet ribbon, indicating
that the first crystallization process of the Gd ribbon is similar to that of the Finemet alloy,
the values of K0 being typical for a nanocrystallization process, in agreement with both
previous transmission electron microscopy observations [12] and structural investigations of
Gd-substituted Finemet alloys [9].

These DSC experiments show that the nature of the rare earth influences the kinetics of
the first crystallization process of the ribbons: the crystallization of the Pr and Nd ribbons
starts at a lower temperature and has a lower activation energy than the crystallization of the
Gd ribbon. Moreover, the first crystallization process of the Gd ribbon is similar to that of the
Finemet alloy.

In the following, the crystallization steps and the crystallization products are characterized
by XRD and MS analyses after both short time (1 h) isothermal annealing in the 350–650 ◦C
range of temperature and long time (24 h) isothermal annealing at 650 and 700 ◦C.

3.2. Characterization of the crystallization steps: XRD analysis

The XRD patterns of as-quenched and annealed Pr, Nd and Gd ribbons are shown in figures 3,4
and 5, respectively. The XRD patterns of the as-quenched ribbons display a very broad peak,
typical for an amorphous phase. For both Gd and Pr ribbons, the main peak of the α-Fe(Si)
phase is observed as well, with a very weak intensity. This is related to the presence of some
α-Fe(Si) crystallites located on the surface of the ribbons.

The XRD patterns of the ribbons annealed at 350 and 400 ◦C are similar to those of the
as-quenched ribbons, showing that the corresponding ribbons are still mainly amorphous. It
is to be noted that in the case of the Pr ribbon, the intensity of the α-Fe(Si) peak increases,
indicating very probably that the surface crystallization process of the ribbon goes on further.
After annealing at 450 ◦C for 1 h, the peaks of α-Fe(Si) drastically increased, due to the
crystallization of the ribbons. Additional peaks corresponding to the Fe3Si phase are observed
(at 15.8◦, 18.4◦ and 31.6◦), indicating the presence of ordered zones in the α-Fe(Si) phase. The
amorphous peak is still observed, indicating that the crystallization process is not terminated.
After annealing at 550 ◦C for 1 h, broad peaks with a weak intensity appear, peaks which are
attributed to an Fe–B phase, a precursor of the iron borides. After annealing at 650 ◦C for 1 h,
the pattern of the Gd ribbon displays the same structure as after annealing at 550 ◦C, showing
no evolution of the phase structure in this ribbon. In the patterns of the Nd and Pr ribbons, the
peaks of the Fe2B phase and the main peak of the (Fe, Si)23B6 phase are detected, in relation
to the evolution of the Fe–B precursor.

After annealing at 650 and 700 ◦C for 24 h, the patterns of the Nd and Pr ribbons did not
show any additional peak, indicating that no additional phase was formed. The XRD peaks
of the α-Fe(Si) phase narrow substantially, indicating the formation of α-Fe(Si) grains with a
size that is higher than after annealing at lower temperature. The intensity of the Fe2B peaks
increases, due either to an increase of the size of the Fe2B grains or to an increase of the
crystallinity of the phase. The pattern of the Gd ribbon annealed at 650 ◦C shows the presence
of Fe2B and (Fe, Si)23B6 peaks, due to the crystallization of the Fe borides. After annealing at
700 ◦C, additional peaks are detected, that correspond to the body-centred cubic Gd3Fe62B14

metastable phase. This phase has already been observed in Fe68.5Gd5Cu1Nb3Si13.5B9 ribbons
annealed at 720 ◦C for 30 min [9]. The main peak of the Gd2O3 oxide phase is observed as
well, indicating that the surface of the Gd ribbon is partly oxidized.
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Figure 3. XRD patterns of the as-quenched and annealed Fe73.5Cu1Pr3Si13.5B9 ribbons.

As the three ribbons were annealed together at 700 ◦C for 24 h, the presence of rare
earth oxides at the surface of only the Gd ribbon must be related to the crystallization of Gd-
containing phases. The rare earth atoms are very probably present in the Fe–B phases, being
accommodated by the Fe–B lattices,as already observed in crystallized Sm–Fe–B ribbons [16].
Upon annealing, the Gd atoms are released from the Fe–B phases, to form Gd–Fe–B phases,
while some of them are oxidized. In the case of the Pr and Nd ribbons, the rare earth atoms
remain in the Fe–B phases, and no oxides are formed.

Short time (1 h) isothermal annealings show that the crystallization process occurs in
several steps:

• First step: crystallization of α-Fe(Si) around 450 ◦C.

• Second step: formation of an Fe–B phase, the precursor of the iron borides, around 550 ◦C.
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Figure 4. XRD patterns of the as-quenched and annealed Fe73.5Cu1Nd3Si13.5B9 ribbons.

• Third step: crystallization of Fe2B and (Fe, Si)23B6 around 650 ◦C in the case of the Nd
and Pr ribbons. This crystallization step is not observed in the case of the Gd ribbon. The
third crystallization step is evidenced in the Gd ribbon after long time (24 h) isothermal
annealing, showing that it should occur at a temperature higher than 650 ◦C during short
time annealing.

• Fourth step: crystallization of RE-containing phases. This is only observed at 700 ◦C in
the case of the Gd ribbon.

The two crystallization stages of the amorphous ribbons characterized by two different
Avrami exponents in DSC experiments could thus correspond to the crystallization of the α-
Fe(Si) phase and to the crystallization of the Fe–B precursor of the iron borides, respectively.
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Figure 5. XRD patterns of the as-quenched and annealed Fe73.5Cu1Gd3Si13.5B9 ribbons.

3.3. Characterization of the amorphous and crystallized phases: MS analysis

The room temperature Mössbauer spectra of the amorphous and crystallized ribbons are shown
in figure 6. A detailed interpretation of the data is presented below. However, general
conclusions can be drawn by making a qualitative comparison of the spectra given in the
figure. Throughout the whole series, and for each treatment, the Pr and Nd spectra look
similar. This indicates that the Pr and Nd annealed ribbons have a similar phase structure, thus
confirming that these two ribbons have similar behaviours during the crystallization process.

On the other hand, the Gd spectra show a different behaviour on annealing. In particular, a
significant amorphous component is still detected after annealing at 550 ◦C for 1 h, indicating
that the complete crystallization of the Gd ribbon occurs at a higher temperature than that
of the Pr and Nd ribbons, in agreement with DSC experiments. Finally, the spectrum of
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Figure 6. Room temperature Mössbauer spectra of the as-quenched and annealed ribbons. The
amorphous component is displayed in the spectra of the ribbons annealed at 450, 550 and 650 ◦C.
The paramagnetic component is displayed in the spectrum of the Gd ribbon annealed at 700 ◦C.

the Gd ribbon annealed at 700 ◦C for 24 h shows some differences compared with the other
ribbons. These differences are discussed further in the text. This could be related either to the
phase transformation of the first crystallization products or to a further crystallization step, in
agreement with XRD results.

3.3.1. Characterization of the amorphous phases. After annealing at 350 and 400 ◦C for
1 h, the Mössbauer spectra of all the ribbons are typical of amorphous samples, showing that
the ribbons are still amorphous in volume. This indicates that the α-Fe(Si) phase detected
by XRD analysis is located on the surface of the Pr and Gd ribbons. The contribution of the
amorphous phase was computer fitted by a least-squares technique [13], using the histogram
method relative to a discrete distribution of single crystals [17], and constraining the linewidths
of each of the elementary sextets to be the same (0.38 mm s−1). Because of the topological
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Figure 8. The average angle β of the amorphous component in the Mössbauer spectra of as-
quenched and annealed Pr, Nd and Gd ribbons.

disorder, we assumed the mean quadrupolar shift to be zero. The relative intensities of the
sextet lines depend on the mean Mössbauer angle β between the incident γ -beam direction
and the hyperfine field B . The ratios of the lines vary as 3:y:1:1:y:3 with y expressed as

y = 4 sin2 β

1+cos2 β
.

The average hyperfine field of the amorphous phase is calculated as 〈B〉 =
∑

i P(Bi)Bi∑
i P(Bi)

,
where Bi is the hyperfine field of sextet number i and P(Bi ) the corresponding relative area.
As shown in figure 7, 〈B〉 is higher for the Pr and Nd ribbons than for the Gd ribbon, in
agreement with magnetic measurements [12]. A slight increase of the average hyperfine field
is observed for all the samples upon annealing (figure 7). This is attributed to structural
modifications in the amorphous phase, related to slight changes of the environments around
the Fe atoms.

In the case of the as-quenched ribbons, the Mössbauer angle β (the angle between the
incident γ -beam direction and the direction of the Fe moment) is slightly below 54.7◦ (figure 8).
This value corresponds to a random distribution of the directions of the Fe moments in the
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Figure 9. The relative intensity of the amorphous component obtained from the fitting of the
Mössbauer spectra.

ribbon. No significant change is observed on annealing for the Pr and Nd ribbons. For the
Gd ribbon, the value tends to 37◦ after annealing, which indicates that the Fe moments have a
tendency to rotate towards the normal to the ribbon plane.

The evolution with the annealing temperature of the relative area of the amorphous
component is shown in figure 9. It can be seen that between 450 and 650 ◦C, the areas of
the amorphous components in the Pr and Nd ribbons are the same, in agreement with the fact
that the crystallizations of these ribbons occur at the same temperature. On the other hand, the
area of the amorphous component in the Gd ribbon is higher than in the Pr and Nd ribbons, in
agreement with the fact that the temperature of the first crystallization step in the Gd ribbon is
higher than those for the other ribbons.

3.3.2. Characterization of the crystallized phases. The Mössbauer spectra of the ribbons
annealed at temperatures higher than 450 ◦C were fitted in agreement with the results of XRD
analysis. It is to be noted that all the spectra were fitted consistently, with the same fitting
procedure, described hereafter. According to the literature [18], the Mössbauer spectrum of
the α-Fe(Si) phase can be fitted with four, five or six sextets, corresponding to the different
environments around the Fe atoms in the bcc unit cell. On the other hand, the hyperfine
parameters of the contributions of the Fe–B phases (Fe2B, Fe23B6, Fe3B) are very close to
those of some of the α-Fe(Si) contributions. Consequently, and because the boride phases are
present in small amounts in the samples, their contributions were considered together with that
of the α-Fe(Si) phase in a so-called ‘crystalline fraction’, that was fitted with eight sextets. This
fitting procedure allows one to obtain very satisfactory fittings (figure 6). The results show that
some sextets have very close hyperfine fields. So the corresponding sextets were considered
together in a same contribution, and five contributions were considered, each contribution
containing one, two or three sextets. An example is given in figure 10.

The five contributions of the crystalline fraction were fitted in the spectra of the
ribbons annealed at temperature higher than 450 ◦C. For the Pr and Nd ribbons, the
corresponding histograms are very similar, no significant difference being observed. Some
typical distributions are shown in figure 11 for the Nd ribbon. This means that the crystallized
phases that contain Fe are present in the same proportions. The P(B) distributions for the Nd
ribbons annealed between 550 and 700 ◦C are similar (see figure 11), indicating that there is
no evolution of the crystalline fraction on annealing.
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Figure 10. The room temperature Mössbauer spectrum of the Fe73.5Cu1Pr3Si13.5B9 ribbon
annealed at 650 ◦C for 1 h. The five contributions to the spectrum are displayed (in (a) and
(d), the contribution shown is the sum of the sextets that have close hyperfine fields).

After annealing at 700 ◦C for 24 h, a significant evolution of the Mössbauer spectrum of
the Gd ribbon is observed (figure 6). First, a paramagnetic component is fitted at the centre
of the spectrum (isomer shift: 0.20 mm s−1; relative area: 2%), as displayed in figure 6(c).
Second, a change in the P(B) distribution is observed, with a decrease of the contribution with
B = 19.7 T and an increase of the contributions with 〈B〉 = 23.6 and 31.0 T (see figure 11).
The increase of the contribution with 〈B〉 = 23.6 T must be related to the crystallization of the
metastable Gd3Fe62B14 phase, whose Mössbauer contribution consists mainly of a magnetic
sextet with a hyperfine field of about 23 T [9]. According to its high Fe content, the formation
of the Gd3Fe62B14 phase results in a decrease of the relative area of the contribution of the Fe–B
phases, corresponding to the decrease of the contribution with B = 19.7 T. On the other hand,
it is known that the metastable Gd3Fe62B14 phase transforms into α-Fe and Gd1.1Fe4B4 phases
upon annealing [9]. The decomposition of the Gd3Fe62B14 phase may thus be responsible for
both the increase of the contribution with 〈B〉 = 31.0 T (through the formation of α-Fe, with
B = 33.0 T) and the appearance of the paramagnetic component (through the formation of
the paramagnetic Gd1.1Fe4B4 phase).

The results of the Mössbauer investigation confirm the results of both DSC experiments
and XRD analyses. The crystallization of the amorphous phase occurs by the same process in
the three ribbons, but with different kinetics. The complete crystallization of the Gd ribbon
occurs at a higher temperature than that of the Pr and Nd ribbons, and Gd-containing phases
are detected after annealing at 700 ◦C for 24 h.

4. Conclusion

The crystallization process in Fe73.5Cu1RE3Si13.5B9 ribbons with RE = Pr, Nd, Gd has
been investigated using differential scanning calorimetry, x-ray diffraction and Mössbauer
spectrometry. The crystallization steps and the crystallization products have been characterized
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Figure 11. Histograms corresponding to the crystalline fraction fitted in the spectra of the annealed
ribbons for the treatments indicated.

after both short time (1 h) isothermal annealing in the 350–650◦C range of temperature and long
time (24 h) isothermal annealing at 650 and 700 ◦C. The results show that the crystallization
process occurs in several steps:

(i) crystallization of α-Fe(Si),
(ii) formation of the Fe–B precursor of the iron borides,

(iii) crystallization of Fe2B and (Fe, Si)23B6,
(iv) crystallization of RE-containing phases.
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For the annealing conditions investigated here, the RE-containing phases were only observed
in the case of the Gd ribbon.

This investigation shows that the nature of the rare earth influences the kinetics of the
crystallization process. The first crystallization process of the Gd ribbon is similar to that of
the Finemet alloy. The crystallization processes of the Pr and Nd ribbons, which are similar,
start at a lower temperature and have a lower activation energy than that of the Finemet alloy.
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