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a b s t r a c t

The influence of the Co content on the microstructure and magnetic behaviour of a series of amorphous
and nanocrystalline (FeCo)79Mo8Cu1B12 alloys is reported. Changes in the magnetic properties provoked
by the microstructural evolution upon different thermal treatments of as-cast samples are analyzed
as well. Kinetics of nanocrystallization process can be described by an isokinetic approach. As the Co
content in the alloy increases, the Curie temperature of the amorphous as-cast samples increases while
the crystallization onset temperature decreases. The crystalline volume fraction as well as the mean grain
anocrystalline microstructure
oft magnets
ITPERM alloys
o containing alloys

size of the nanocrystals at the end of the nanocrystallization process are slightly higher for the lowest
Co content alloy but smaller than in similar Hitperm Mo-free alloys. The average magnetic field and the
average isomer shift of the as-cast samples show a linear increase with two slopes with the Co content
of the alloy. The same tendency is found for the saturation magnetization. Combined TEM, XRD, and MS
data indicate the presence of Mo atoms in the nanocrystals. At the end of the nanocrystallization process
the softest magnetic behaviour corresponds to the lowest Co content alloy. The second crystallization

etic h
process provokes a magn

. Introduction

Nanocrystalline alloys obtained by primary crystallization of
elt-spun amorphous Fe-based precursors have been greatly

tudied in the last years as they exhibit an exceptional soft mag-
etic behaviour (high saturation magnetization, high permeability
nd low core losses), which makes possible their application
n magnetic devices [1]. The distinctive two-phase microstruc-
ure displayed by these alloys, in which ferromagnetic nanosized
e-rich crystals are embedded in a ferromagnetic residual amor-
hous matrix with a lower Curie temperature, is responsible for
heir remarkable soft magnetic properties, the relevant parameters
eing the crystalline volume fraction, the size of the nanocrystals
nd the composition of both the nanocrystalline and the residual
morphous phases. Magnetic interactions among the nanograins
hroughout the matrix govern the resulting macroscopic prop-
rties and, consequently, the Curie temperature of the residual

morphous phase is a decisive parameter in the temperature
ependence of the magnetic behaviour of the alloy.

Partial substitution of Co by Fe in FeMB (M = Zr, Nb, Hf) was
roposed to extend the soft magnetic behaviour of nanocrystalline

∗ Corresponding author.
E-mail address: conde@us.es (C.F. Conde).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ardening of these alloys.
© 2010 Elsevier B.V. All rights reserved.

alloys up to higher temperatures. An important role is played by
the early transition metals which have a very low solubility in
the alpha-Fe phase and, consequently, will mainly remain in the
amorphous matrix. Moreover, due to their small diffusivity in the
amorphous phase, they accumulate at the crystal–matrix interface
and constrain the growth of the crystalline phase to the nanocrys-
talline scale. Many studies on Hitperm FeCoZrB and FeCoNbB alloys
have been reported [1–5] but, more recently, FeCoMoB alloys have
been paid increasing attention [6]. Mo addition to Fe alloys delays
the iron oxidation in this system and affects the thermal stability
and magnetic properties of these amorphous alloys, with a signifi-
cant lowering of the Curie temperature [7–12].

The work described here focuses principally on a detailed study
of the effect of the substitution of Fe by Co on the kinetics,
microstructure, hyperfine parameters and magnetic behaviour of
the nanocrystallization process in the (FexCo1)79Mo8Cu1B12 sys-
tem.

2. Experimental

Fe-based amorphous ribbons 6 mm wide and about 20 �m thick, of nominal

composition (FexCo1)79Mo8Cu1B12 with x = 12, 9, 6, 4, 3, 2, 1 (Table 1) were syn-
thesized by planar flow casting in air from ingots of the appropriate composition
previously prepared by arc melting of high-purity elements in an argon atmosphere.
Chemical composition of the ribbons was checked by emission spectrometry with
inductively coupled plasma to confirm no detectable deviation of chemical compo-
sition.

dx.doi.org/10.1016/j.jallcom.2010.10.113
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:conde@us.es
dx.doi.org/10.1016/j.jallcom.2010.10.113
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Table 1
Co content (at.%) of the studied alloys.

x at.% Co

1 39.5
2 26.3
3 19.8
4 15.8
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12 6.1

To characterize the thermal behaviour of the alloys differential scanning
alorimetry (DSC) was performed in a Perkin-Elmer DSC-7 and thermomagnetic
ravimetry (TMG) in a Perkin-Elmer TGA-7 applying the magnetic field of a small
agnet (∼20 mT). Changes in the magnetic force acting upon the sample, related to

he variations in magnetization with temperature, are recorded as apparent weight
hanges of the sample.

Microstructure of as-quenched and nanocrystalline samples was analyzed at
oom temperature by X-ray diffraction (XRD) in a Bruker D8 using Cu-K� radi-
tion, transmission electron microscopy (TEM) and electron diffraction (ED) in a
hilips CM200 operated at 200 kV and Mössbauer spectroscopy (MS) in a transmis-
ion geometry using a 57Co(Rh) source. The incident �-beam was perpendicular to
he ribbon plane. Values of the hyperfine parameters were obtained by fitting with
ORMOS program [13]. The isomer shift, ı, was quoted relative to the Mössbauer

pectrum of an �-Fe foil at room temperature. Magnetic properties were measured
t room temperature by vibrating sample magnetometry (VSM) in a Lakeshore 7407.

Pieces of the as-cast ribbons about 2 cm long (for XRD and MS experiments)
nd 3 mm diameter disks (for TEM and VSM experiments) were heated in vacuum
sing a halogen-lamp furnace, at a constant heating rate of 10 K/min from room
emperature up to selected temperatures chosen to prepare samples with different

icrostructures corresponding to different stages of the transformation process.
As-quenched and thermally treated disks samples for TEM were polished by Ar

on beam milling in a Gatan PIPS.

. Results and discussion

.1. Devitrification process
Devitrification process of the as-cast (FexCo1)79Mo8Cu1B12
lloys takes place in two main stages, in the temperature range
vailable for the DSC, with an onset temperature around 700 K.
he originally amorphous alloys became nanocrystalline during the

ig. 1. Curie temperature of the as-cast alloys (Tc), peak temperatures of the 1
rst DSC event (Tp) (a) and apparent activation energies of the nanocrystallization
rocess vs. at.% Co content in the alloys (b).
Fig. 2. n(X) from DSC scans of x = 12 alloy taken at different heating rates (a). n(X)
from DSC scans of the studied alloys taken at 10 K/min (b). Comparison between
isothermal TMG (shorter line) and non-isothermal DSC (taken at 2.5 K/min) results
for the x = 12 alloy (c).

first crystallization stage, and the nanocrystals are surrounded by
a residual amorphous matrix. The onset and peak temperatures of
this first transformation decrease as the Co content increases in
the alloy, as previously observed in Finemet [14] and other Hit-
perm [15] alloys. Fig. 1a shows an almost linear dependence of the
temperature peak of the first exotherm with the Co content of the
alloy. During the second crystallization stage, the alloys became
fully crystallized with the formation of some boride phases, and
they loose their soft magnetic character. The second stage starts at
lower temperatures as the Co content in the alloys increases. There-
fore, the thermal stability of the amorphous alloys as well as that of
the nanocrystalline two-phase systems are reduced as the Co con-
tent in the alloy increases, as previously reported [16,17]. However,
compared with similar Co-free alloys the presence of Co decreases
the thermal stability of the amorphous alloys but increases that of
the nanocrystalline ones [7–11].

Temperature dependence of the low field magnetization, M, of
3 mm diameter disk samples was measured by TMG scans. The ther-
momagnetic behaviour is similar for all the studied alloys: a first

fall to zero in magnetization at the Curie temperature, Tc, of the
ferro-paramagnetic transition of the amorphous phase is recorded.
Tc increases with the Co content of the alloy (see Fig. 1a) and a linear
dependence with two slopes can be established between them. The
Tc of the as-cast amorphous phase in these alloys is significantly
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ower than the observed for similar Hitperm [3] or Finemet [18]
o-free alloys, as expected from the known effect of Mo addition

n the Curie temperature of the alloy [8]. In fact the Fe79Mo8Cu1B12
lloy is paramagnetic at room temperature [11].

At the crystallization onset temperature an increase in magne-
ization starts due to the formation of a ferromagnetic �-FeCo(Mo)
ype phase with higher Tc. Therefore, as the Co content of the
lloy increases, the Curie temperature of amorphous phase is sig-
ificantly shifted to higher temperatures while the crystallization
nset temperature decreases, which provoke that the decrease in
agnetization at the Curie transition and its increase at the crystal-

ization onset can overlap in temperature, as occurs for the higher
o content studied alloys [16].

At about 1000 K, temperatures that coincide with those of the
econd DSC exotherm, a drastic decrease in M is observed although
ero magnetization is not reached. Finally, at higher temperature,
he new fall in M is associated to the Curie transition of the �-
eCo(Mo) phase (which Tc around 1100 K increases with the Co
ontent). TMG plots of fully crystalline samples show the existence
f, at least, two magnetic phases.

.2. Crystallization kinetics

Kinetics characterization of the nanocrystallization pro-
ess included both non-isothermal and isothermal data. Non-
sothermal nanocrystallization kinetics was studied from calori-

etric data using different kinetic models. The Kissinger method
for samples heated at 2.5, 5, 10, 20, 40 and 80 K/min) allows to

btain a mean value for the apparent activation energy, which
ecreases from 3.6 to 2.7 eV as the Co content of the alloy increases
s shown in Fig. 1b. These values are similar to those found for other
itperm alloys with Nb [19] and Mn [20] and Nanoperm with Mo

10], or Zr [1] alloys.

ig. 4. TEM bright field images obtained for samples of 0 at.% Co and x = 12, 6, 3, 1 alloys h
istribution of grain sizes (right).
Fig. 3. Lattice parameter of the �-FeCo(Mo) phase at the end of the first DSC event
as a function of the Co content of the alloy. Values of those of FeCo binary alloy are
included for comparison.

A non-isothermal method to obtain local values of Avrami expo-
nent, n, as a function of the crystalline fraction, X, from a single DSC
scan and an estimation of the activation energy of the process under
the approach of isokinetic transformations [21] has been used. As
for the Co free alloy [11] the isokinetic condition is fulfilled for all
the studied alloys, as values of the local Avrami index n(X) derived
from this approach for DSC data obtained at different heating rates
are coincident. Fig. 2a shows n(X) values obtained for the x = 12 alloy

heated at different heating rates. Fig. 2b shows n(X) plots obtained
for all the studied alloys heated at 10 K/min. Low values of n(X) are
obtained as usually found for nanocrystallization processes. Other
non-isothermal approaches are in very good agreement with the
isokinetic results: Gao–Wang method [22] also supplies a value of

eated up to the end of their first crystallization event (left) and their corresponding
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ig. 5. Mössbauer spectra of as-quenched samples taken at 300 K and their corre-
ponding hyperfine field distributions.

∼ 1, calculated at the peak temperature of the nanocrystalliza-
ion process (X ∼ 0.2), which agrees with the n value obtained for
ow crystalline volume fractions from the isokinetic approach and
s similar to that usually found for FINEMET alloys. These data are
enerally described by a soft impingement model [23] and recently
y the instantaneous growth approximation model [24].

The isothermal kinetics was studied from TMG data for the lower
ontent alloys. Taking into account the magnetic character of the
anocrystalline phase formed, the evolution of the crystallized frac-
ion with time, X(t), can be estimated from the relative change of the

agnetization of the sample with the time [25]. Analysing the X(t)
ependence in the frame of Johnson–Mehl–Avrami–Kolmogorov
JMAK) theory [26] the plot of ln[−ln(1 − X)] vs. ln[t − t0], where t0 is
he induction time, should be a straight line with the Avrami index,
, as slope. A local Avrami exponent, n(X), can be obtained from
he derivative of ln[−ln(1 − X)] with respect to ln[t − t0]. The corre-
ponding curve is shown in Fig. 2c (shorter line) for the isothermal
ransformation of x = 12 alloy taken at 688 K. The evolution is simi-
ar to that found for different annealing temperatures of the studied
lloys. For a better comparison Fig. 2c also shows the n(X) val-
es obtained for x = 12 alloy through the isokinetic approach for
heating rate of 10 K/min. The value of the local Avrami exponent
btained by the Johnson–Mehl–Avrami plot is in good agreement
ith that calculated from the isokinetic approach as shown in

hese plots. Therefore, a good agreement is found between isother-

al and non-isothermal results describing a low value of the local
vrami exponent (∼1) which decreases as the crystalline fraction

ncreases and remains almost constant at high values of X. The first
art of the transformation would be mainly due to nucleation (0–1)
Fig. 6. Peak position of high field component (HF) and low field component (LF) of
the hyperfine field distributions (a); the average hyperfine magnetic field (b) and
the average isomer shift (c), corresponding to as-quenched samples as a function of
the Co content.

and the second part would correspond to a progressive saturation
of the nucleation sites and to a strongly inhibited crystal growth.

3.3. Microstructure

Room temperature X-ray diffraction patterns of the as-cast sam-
ples show their amorphous character. For samples pre-heated up
to temperatures inside the first DSC exotherm, X-ray scans only
show the characteristic lines of the �-FeCo(Mo) type phase along
with a broad maximum revealing the residual amorphous phase.
The presence of Mo atoms in the crystals can also be considered
[6,12]. As the Co content of the alloy increases the lattice parame-
ter of the �-FeCo(Mo) phase decreases (see Fig. 3) in a similar way
of the corresponding binary FeCo alloy [27]. This is an indication of
a larger Co content in the crystals as the Co content increases in the
X-ray patterns of samples heated up to the end of the second DSC
exotherm show that they are fully crystallized, and besides the �-
FeCo(Mo) phase some boride-type phases mainly (FeCo)23B6-type
are identified.
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ig. 7. Mössbauer spectra of partially crystallized samples, after heated up to the
nd of the first DSC event, taken at 300 K, and their hyperfine field distributions
orresponding to the amorphous phase (D1) and the interface (D2).

Crystalline volume fraction in the nanocrystalline two-phase
ystem was estimated from a deconvolution of the main X-ray
ntensity peak to separate the (1 1 0) line of the �-FeCo(Mo) crystals
nd the amorphous halo intensities. Because of the high metalloid
ontent of the residual amorphous matrix against the metal-rich
rystals, the different mean scattering power of the two phases
as taken into account in the calculation of the crystalline volume

raction. The crystalline volume fraction at the end of the primary
rystallization is strongly affected by the presence of Co in the alloy,
ecreasing from about 68% for the Co free alloy to 57–55% for the Co
ontaining alloys, showing a slight decrease for the higher Co con-
ent studied alloy in agreement with the above described enthalpy
ata, and with previous results on Nb containing HITPERM alloys
3,28].

Mean grain size (∼5 nm) of the �-FeCo(Mo) nanocrystals, esti-
ated from Scherrer’s formula from full width at half maximum of

1 1 0) crystalline reflection peak, is not significantly affected dur-
ng the nanocrystallization process and is nearly independent of
he Co content in the alloy, with differences inside the experimental

rror, only a very slight decrease as the Co content increases should
e noted. Values of the mean grain size and the crystalline vol-
me fraction at the end of the nanocrystallization process for these
o containing alloys are lower than those found for analogous

eCoNbCuB alloys [3].
at. % Co

Fig. 8. Area of the amorphous phase (D1), the interface (D2) and the crystalline
sextets (S) of nanocrystalline samples as a function of the Co content.

TEM bright field images in Fig. 4 left show a closer view of the
microstructure of samples of different alloys heated up to the end
of their first DSC event. The crystals of �-FeCo(Mo) phase mainly
appear as single grains homogeneously distributed in a residual
amorphous matrix, although aggregates of a few of the smallest
grains can also be observed which increase in number as the Co
content increases in the alloy. The grain size distribution (Fig. 4
right) becomes narrower, and shows a slight decrease in the mean
grain size as the Co content in the alloy increases in agreement with
previous XRD observation. For all the compositions the mean grain
size is smaller when measured in TEM micrographs than from X-ray
patterns as the aggregation of grains can be detected from TEM.

3.4. Soft magnetic properties

Fig. 5 shows the Mössbauer spectra of as-quenched samples
taken at 300 K. The six-line pattern characteristic of amorphous fer-
romagnetic alloys progressively collapses as the Co content of the
alloy decreases, as the Curie temperature approaches to room tem-
perature. The data were fitted using a discrete hyperfine magnetic
field distribution (HFD) with the quadrupolar splitting averaged to
zero. In order to reproduce the asymmetrical shape of the spectra,
a linear correlation between the hyperfine magnetic field and the
isomer shift of the components of the distribution was introduced.

The hyperfine magnetic field distributions corresponding to
Mössbauer spectra are shown in Fig. 5 (right). Values of Bhf below
5 T could be ascribed to Fe atoms in paramagnetic sites, as the fit-
ting method used cannot distinguish between low hyperfine values
and paramagnetic contributions. Their bimodal behaviour in HFD
reveals the presence of two main kinds of iron environments in the
amorphous as-cast state and HFDs can be approximately described
by means of two Gaussian components. The high field component
(HF) can be ascribed to sites where Fe atoms are preferentially sur-
rounded by Fe, Co and B atoms and the low field (LF) one to Fe atoms
preferentially surrounded by Mo and B atoms [29]. Fig. 6a shows
the increase of the Gaussian maxima as the Co content increases.

Fig. 6b shows the increase of the average hyperfine magnetic
field, <Bhf>, with the Co content which can be fitted by a two lin-
ear steps of slopes: 0.87 (3) T for at.% Co atom for a Co content up
to 16 at.% and 0.14 (1) T at.% Co for a Co content up to 40 at.%, in
agreement with the tendency observed for Tc.
Fig. 6c shows the dependence of the average isomer shift, as a
function of the Co content of the alloy. A linear increase of <ı> with
at.% Co with two slopes is also found.

Fig. 7 shows the Mössbauer spectra of partially crystallized sam-
ples of the different studied compositions, after heated up to the
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Fig. 9. Average hyperfine magnetic field, <Bhf>, and average isomer shift <ı>, of the amorp
samples as a function of the Co content of the alloy.

Table 2
Hyperfine magnetic field and isomer shift of the crystalline sextets for the studied
alloys.

′

e
w
p
a
1
a
t
b

n
w
s

T
R

A B C C D

Bhf (T) 33.0 34.5 35.6 36.5 37.0
ı (mm/s) 0.0000 0.0136 0.0286 0.0286 0.0504

nd of their first DSC event, taken at 300 K. The experimental data
ere fitted using a discrete set of sextets (A, B, C and D for sam-
les with x = 1–4 and 6; and A, B, C′ for samples with x = 9 and 12)
nd two hyperfine field distributions (from 0 to 20 T, D1 and from
5 to 32 T, D2) which can be roughly ascribed to Fe atoms in the
morphous and Fe atoms in the interface, respectively. As Co con-
ent increases, the distinction between these two environments
ecomes troublesome.
Due to the complexity in fitting values of the hyperfine mag-
etic field and the isomer shift of the crystalline sextets (Table 2)
ere fixed. Table 3 shows the relative contribution of the crystalline

extets for the studied alloys.

able 3
elative contribution (%) of the crystalline sextets for the studied alloys.

x A B C C′ D

1 27.8 43.9 24.4 3.9
2 17.7 27.2 31.8 23.3
3 14.6 21.5 33.8 30.1
4 14.5 22.3 33.7 29.5
6 21.6 32.0 33.0 13.4
9 28.0 57.0 15.0

12 33.4 57.6 9.0
hous phase (D1), the interface (D2) and the crystalline sextets (S) of nanocrystalline

The crystalline volume fraction, X, was calculated from the
absorption areas of the crystalline sextets plus the interface contri-
bution (D2) relative to the total area (Fig. 8), considering a calculated
composition of the FeCoMo nanocrystals by assuming a 2 at.% con-
tent of Mo [30] and a nominal content of Co [15,31]. The result was
X ∼ 50–55%.

Fig. 9 shows the average hyperfine magnetic field and average
isomer shift of the amorphous phase (D1), the interface (D2) and
the crystalline sextets (S) of nanocrystalline samples as a function
of the Co content.

It can be also clearly observed a different magnetic texture of
sample x = 1 when the relative intensities of the spectra lines of the
different samples are compared. The fitting of the spectra, assum-
ing an identical magnetic texture of both crystalline grains and the
residual amorphous matrix, leads to an orientation of � = 55◦ of the
�-beam with respect to the ribbon plane for x = 1, consistent with a
random distribution of magnetic moment directions. For the rest of
the samples, a value of � = 30◦ indicates an out of plane distribution
of magnetic moments.

VSM results indicate that for each composition the relaxation
process decreases the saturation magnetization, Ms, of the amor-
phous samples while the nanocrystallization process increases it.
Plots of Fig. 10 show the values of Ms against the Co content of the
alloy for relaxed samples and for samples pre-heated up to 800 K,
temperature that corresponds to the end of the nanocrystallization
process. The represented values were measured from hysteresis

loops taken at room temperature at the VSM with a maximum
applied field of 5KOe.

For relaxed as well as for nanocrystalline samples Ms increases
with the Co content of the alloy up to ∼15 at.% Co in accordance
with the observed dependence of the hyperfine magnetic field (see
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ig. 10. Saturation magnetization, Ms, vs. at.% Co content in the alloys for relaxed
nd nanocrystalline samples.

ig. 9). For each composition Ms increases with the volume frac-
ion of bcc-FeCo(Mo) nanocrystals during the nanocrystallization
rocess.

The coercive field, Hc (inside the experimental errors of this
echnique for the range of Hc values ∼1 Gauss) measured from
he same hysteresis loops shows a similar value for the relaxed
morphous samples while the softest nanocrystalline sample cor-
esponds to the lowest Co content alloy.

. Conclusions

A study of relationship between structural and magnetic prop-
rties of a set of FeCoMoCuB HITPERM-type alloys by a variety of
omplementary techniques is reported.

The devitrification process of these FeCoMoCuB alloys starts
t around 700 K and takes place in two main stages. The alloys,
riginally amorphous, became nanocrystalline during the first crys-
allization stage. During the second crystallization stage the alloys
ecame fully crystallized losing their soft magnetic character.

Increasing Co content of the alloy decreases the thermal stabil-
ty of the amorphous phase and that of the nanocrystalline alloy.
anocrystallization kinetics results based on isothermal (TMG)
nd non-isothermal (DSC) experiments agree describing a strongly
nhibited grain growth process. The nanocrystalline microstructure
s similar for all the alloys. The crystalline volume fraction at the
nd of the nanocrystallization process is practically not affected
ith the increase of Co in the alloy, although it is lower than in

he corresponding Co free alloy. The lattice parameter of the �-
eCo(Mo) phase nanocrystals decreases as the Co content in the
lloy increases in agreement with the increased Co content of the
rains. The size of the nanocrystals at the end of the nanocrystal-
ization process slightly decreases as the Co content increases in
he alloy.

Mössbauer spectra of amorphous and heat treated samples were
nalyzed in the frame of three different contributions: pure crys-

alline, interface and amorphous contribution. Average hyperfine

agnetic field of the crystalline contribution is higher for alloys
ith 15–20 at.% of Co. Comparison between TEM, XRD and Möss-

auer data indicates that some Mo could be present inside the
anocrystals.

[

[
[
[

ompounds 509 (2011) 1994–2000

The magnetic behaviour at room temperature of the as cast,
relaxed and nanocrystalline alloys shows a saturation magnetiza-
tion that increases with the Co content in the alloy. For each studied
composition Ms increases with the crystalline volume fraction dur-
ing the nanocrystallization process.

Mo content provokes low values of the Curie temperature of
these amorphous alloys, even below room temperature for the Co
free alloy. Changing the Fe/Co ratio allows to increase the Curie tem-
perature of the amorphous alloys for these compositions between
room temperature and ∼800 K, and therefore, allows tuning the
temperature at which the maximum magnetocaloric effect takes
place opening a possibility for these alloys as potential low cost
magnetic refrigerants.
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