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Abstract

The effect of partial substitution of Ge for B in Fe;3CosZrsB9Cu; alloy on the microstructure,
crystallization process and magnetic properties of the amorphous and nanocrystalline alloys was
studied. Special attention was focused on the saturation magnetization response at high
temperature and its dependence on the microstructure. Although the Curie temperature of the
amorphous phase is not affected by the partial substitution of Ge for B, the saturation

magnetization increases ~10 % with respect to the alloy without Ge.
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1. Introduction

Nanocrystalline alloys produced by partial devitrification of Fe-B-(Si) amorphous alloys
with small addition of Nb, Zr or Hf and Cu are among the softest magnetic materials known up to
date [1]. The presence of B facilitates the amorphization of the melted composition by rapid
quenching techniques. The ultra-soft magnetic properties of these alloys are due to their
particular microstructure, in which nanocrystals of ferromagnetic a-Fe type phase (~10 nm in
size) are embedded in a residual amorphous matrix, also ferromagnetic but with a lower Curie
temperature. The ferromagnetic character of this matrix enables the exchange coupling between
nanocrystals, which yield a severe reduction of the magnetocrystalline anisotropy [2].

As the nanocrystals become uncoupled above the Curie temperature of the residual
amorphous phase, T¢"", [3] this parameter is very important to determine the viability of high
temperature applications of nanocrystalline compositions. Partial Co substitution for Fe in
HITPERM alloys produces a clear increase of T¢*" [4]. Unfortunately, soft magnetic properties
are impoverished due to the high value of the magnetostriction constant of the o’-Fe,Co
crystalline phase developed [5,6], although high saturation magnetization and a wide thermal
regime of constant permeability were achieved [7]. Recently, Suzuki et al. proposed the partial
substitution of Ge for Fe to enhance the high temperature applications of NANOPERM alloys
and concluded that this substitution is more effective than Co substitution for Fe [8]. However,
the substitution of Fe for a “non-magnetic” atom provokes a reduction of the magnetization of the
material.

In this work, the effects of partial substitution of Ge for B on the microstructure and the
magnetic properties of Fe;3CosZrsCu;Biy and Fe;3CosZrsCu;BsGes alloys are studied. The Co
addition was chosen low enough to avoid a deleterious effect on the magnetostriction of the

crystalline phase [9], keeping the magnetoelastic anisotropy of the whole system at low values.
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On the other hand, this small addition of Co will increase the Curie temperature, as well as the

magnetization, of both phases in the nanocrystalline system.

2. Experimental techniques

Ribbons (5 mm wide and 20-30 pum thick) of Fe;3CosZrsB¢Cu; and Fes3CosZrsGesBsCu;
compositions were obtained in amorphous structure by melt-spinning. The crystallization process
was studied by differential scanning calorimetry (DSC) using a Netzsch DSC-404C calorimeter.
The microstructure was characterized by X-ray diffraction (XRD) using Co-Ka radiation. The
magnetic properties were studied in terms of saturation magnetization (Ms) and Curie
temperature (7¢), using a Faraday magnetometer, and coercivity (H¢), using a hysteresis loop

tracer on long samples (length ~150 mm).

3. Results and discussion
3.1 Devitrification process

Figure 1 shows the DSC scans performed at 10 K/min for as-cast samples of both studied
alloys. The devitrification occurs in two different stages. The first broad exothermic peak
corresponds to the development of the nanocrystalline microstructure and, after the second
crystallization event, intermetallic phases as Fe,Zr appear deteriorating the magnetic properties of
the system. Table I summarizes the main parameters of these processes. Although Ge substitution
is found to decrease the onset of the first crystallization process by 17 K, the second
crystallization stage is shifted by 9 K to higher temperatures with respect to the Ge-free alloy.
Therefore, whilst the amorphous state is thermally more stable for the Ge-free alloy, the

nanocrystalline microstructure is more stable for the Ge-containing alloy.
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3.2 Microstructure

As-cast samples of both studied alloys were heated up to the end of the first crystallization
process, 873 K, to compare the nanocrystalline microstructures developed. The fully
nanocrystallized state is interesting because it presents the maximum thermal stability against
structural transformation, up to the onset of the second crystallization stage, and because some
magnetic properties as the saturation magnetization are also maximized.

The XRD patterns of fully nanocrystallized samples (Figure 2) show for both alloys the
(110) and (200) crystalline peaks corresponding to the a-Fe(Co) phase and an amorphous halo
which overlaps with the (110) maximum. The lattice parameter of a-Fe was calculated from the
position of the (110) and (200) peaks of this phase. A deconvolution procedure was applied to the
(110) maximum of the a-Fe phase and the amorphous halo to obtain further information from the
XRD patterns. After subtracting the background, the crystalline diffraction peak was fitted using
a Lorentzian function, assuming the small grain size as the main effect of the peak broadening.
The grain size was estimated from Scherrer formula. The amorphous halo was fitted using a
Gaussian function. The crystalline volume fraction, X, was calculated from the ratio between the
intensity area of the (110) maximum divided by the addition of this area plus the intensity area of
the amorphous halo, 4. This ratio was corrected taken into account the different average
scattering power of the amorphous and crystalline phases [6]. The resulting parameters are listed
in table II for the two studied alloys.

Although the lattice parameter of a.-Fe is slightly higher for the Ge-containing than for the
Ge-free alloy, the value of the former alloy could not correspond to a Ge content in the
nanocrystals higher than 1-2 at. % [10]. Assuming that the distribution of Co throughout the
nanocrystals and the amorphous matrix is homogeneous, as it was found for other nanocrystalline
systems [11,12], the compositions of the nanocrystals might be close to FeygsCos for both studied

4
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alloys, with possible presence up to ~2 at. % of Ge in the case of the alloy containing this
element. Taking into account these compositions of the crystalline phase in the two studied
alloys, their different B content yields a different correction factor for 4 to obtain X. This factor is
1 and 0.9 for the alloy with and without Ge, respectively. Therefore, both compositions develop
similar nanocrystalline microstructure: X is very high at the end of the nanocrystallization, ~ 80
% and 70 % for the alloy with and without Ge, respectively. The estimated grain size is similar,

although slightly smaller for the alloy without Ge (8 nm) compared to the alloy with Ge (11 nm).

3.3 Magnetic properties

Magnetic properties obtained at room temperature are summarized in table III for as-cast
samples and those annealed at 873 K for 10 min of both studied compositions. Figure 3 shows the
hysteresis loops of these samples. As it can be observed, the coercivity at the end of the
nanocrystallization is similar to that of the as-cast state, ~10 A/m, one order of magnitude below
the values observed in HITPERM alloys for a high crystalline volume fraction [1,6].

The saturation magnetization measured at room temperature increases after annealing for
both samples, due to the formation of a-Fe(Co) crystallites. The value observed for the Ge-free
alloy is similar to the maximum value achieved in FINEMET alloys [13], whereas the alloy with
Ge shows a 10 % higher value of Mj.

In the framework of a detailed study of the variation of 7¢*" on the annealing temperature,
heating and cooling cycles at 10 K/min were performed in a Faraday magnetometer. Figure 4
shows the resulting curves from these in sifu experiments. As cast samples were successively
heated up to different annealing temperatures, 7,4, and cooled down to 375 K, to see the effect on
the Curie temperature and the thermal dependence of the saturation magnetization. Four

annealing temperatures were chosen. Three of them were related to the peak temperature of the
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first DSC exotherm, to perform equivalent thermal treatments: 67 K and 10 K below 7,; and 4 K
above T,;. The fourth annealing temperature was 873 K, which is considered to be the end of the
nanocrystallization process. At this temperature, the sample was annealed for 10 min.

As-cast samples present a similar value of 7¢"", slightly higher for the Ge-free alloy. This
value is ~200 K higher than that of previous studied nanocrystalline alloys with Ge [8]. The
presence of Co in the compositions subject of this study is clearly effective enhancing the Curie
temperature of the amorphous phase.

The first annealing temperature is enough below the onset of nanocrystallization to
prevent the formation of nanocrystals, as it is evidenced by the presence of a paramagnetic
regime extended from ~500 to ~750 K. Therefore, the observed effect is due to structural
relaxation phenomena. For the other three thermal treatments, the magnetization progressively
and irreversibly increases at temperatures above the onset.

After annealing 10 min at 873 K, it was not possible to detect the Curie temperature of the
residual amorphous phase. It must be taken into account that at these high value of X the
amorphous layer between the nanocrystals might be very thin (below 1 nm) and the
ferromagnetic nanocrystals will polarize it. Therefore, the ferro-paramagnetic transition of the
residual amorphous matrix will be smeared out and a large enhancement of the Curie temperature
of this phase can be expected [14].

Figure 5 shows the values of 7™ as a function of the annealing temperature. The dotted
line divides the plot between amorphous and nanocrystalline samples. The structural relaxation
phenomena do not affect the value of 7¢"" of the Ge-free alloy but decrease by 6 K the value of
Tc™ of Ge-containing alloy with respect to the as-cast sample. This behavior is different to that
reported for FINEMET alloys, in which an increase of ~15 K of 7" was detected as a result of

the structural relaxation [15]. Nanocrystallization yields in both cases to a continuous increase of
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the Curie temperature of the amorphous matrix. It is worthy to note that, for similar annealing
conditions, the alloy with Ge presents always a lower value of 7¢*" than that of the alloy without
Ge (~10 K). From this point of view, a partial substitution of Ge for B is not promising for an
enhancement of the magnetic properties at high temperature. Although the partial substitution of
Ge for Fe in NANOPERM alloys was proposed in this sense [8], it must be taken into account
that both elements, Ge and B, are known to increase the Curie temperature of amorphous Fe-B
alloys after partial substitution for Fe [16]. In this work, it is demonstrated that Ge does not
produce an enhancement of 7¢"" higher than B does.

However, there is a clear advantage of the partial substitution of Ge for B in the magnetic
properties at high temperature. Figure 6 shows the My values as a function of the annealing
temperature for different values of the temperature. As it can be observed, M of nanocrystallized
samples is always higher in the Ge-containing alloy than in the Ge-free alloy, independently of
the measuring temperature. As the nanocrystallization progresses, this difference increases up to
~10 %.

As it was said above, the maximum values of Mg observed at room temperature for
FINEMET alloys are similar to that of the alloy without Ge and 10 % lower than that of the alloy
with Ge. However, the high temperature response of Mg becomes better for the studied alloys
than for FINEMET. As a comparison, in the temperature range from 573 to 773 K, My decreases
~ 45 % for nanocrystallized samples of FINEMET alloy [17], whereas Mg decreases only ~15 %
in the case of the two alloys studied in this work. This effect is due to the presence of Si inside
the crystalline phase of FINEMET alloys, which decreases the Curie temperature of the a-Fe
phase down to ~850 K [18]. The estimated composition of the crystalline phase developed in the
studied alloys, FegsCos, would present a Curie temperature ~1100 K, much higher than that of the

nanocrystals of FINEMET alloys.
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4. Conclusions
The present study on the effects of the partial substitution of Ge for B in nanocrystalline
Fe;3CosZrsB19Cu; yields the following conclusions:

e Partial substitution of Ge for B reduces, as expected, the onset of crystallization and
increases the temperature of the second crystallization stage, increasing the thermal
stability of the nanocrystalline microstructure. The microstructure at the end of the
nanocrystallization is not seriously affected, although slightly larger grain size and higher
crystalline volume fraction can be appreciated in the alloy with Ge.

e The room temperature coercivity of both studied compositions is ~10 A/m, one order of
magnitude lower than that of HITPERM alloys. However, the Curie temperature of the
amorphous phase is not enhanced by the partial substitution of Ge for B, although, the
saturation magnetization increases about 10 % in the alloy with Ge with respect to the Ge-

free alloy.
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Figure captions

Figure 1. DSC scans at 10 K/min of the two studied alloys.

Figure 2. XRD pattern (CoKa) for samples heated at 10 K/min up to the end of the first
crystallization process (873 K).

Figure 3. Hysteresis loops of as-cast samples and samples annealed 10 min at 873 K.

Figure 4. Mjs signal of as-cast samples submitted to successive heating and cooling cycles. The
long arrows indicate the right sense of the curve. The short arrows indicate the Curie temperature
of the residual amorphous phase.

Figure 5. Curie temperature of the amorphous phase for samples previously heated up to different
annealing temperatures. The dotted line divides the plot in amorphous (low temperatures) and
nanocrystallized samples (high temperatures).

Figure 6. Saturation magnetization versus annealing temperature at different temperatures of
measurement. The dotted line divides the plot in amorphous (low temperatures) and

nanocrystallized samples (high temperatures).
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Table 1. Calorimetric results obtained at 10 K/min. T, onset temperature of crystallization; 7,

peak temperature of the i process; H;, enthalpy of the i process.

Fe13Co5Z1rsCuBsGes

FC73CO5ZI‘6CU.1B10

T,£2K
T, 1K
H;£10J/g
T,+1K

H,+5]/g

749

773

85

1000

39

766

790

93

991

44

12
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Table II. Microstructural parameters for samples heated up to the end of the nanocrystallization

process, 873 K.

F€73C05ZI‘6CU1B5G€5

Fe;3Co5ZrsCu By

D+2nm

X£0.05

a £0.0005 nm

11

0.81

0.2871

8

0.72

0.2867
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Table III. Room temperature magnetic properties of as-cast samples and samples heated up to the

end of the nanocrystallization process, 873 K.

F€73C05ZI‘6CU1B5G€5

Fe;3Co5ZrsCu By

As-cast (amorphous)

M+ 5 emu/g 127 110
Hc+2 A/m 8 11
T™+2K 515 523
Heated up to 873 K (fully nanocrystallized)
Mg+ 5 emu/g 152 137
Hct2 A/m 8 7

14
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Figure 1
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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