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Abstract. The ferromagnetic systems based on Fe-Sn-B, Co-Sn-B and
Fe-Co-Sn-B were studied in nanocrystalline state due to their interesting mag-
netic properties that are caused by the homogeneous and ultrafine structure. The
alloying of Co-B and/or Fe-B by Sn 3.5 and/or 5 at. % improves the properties
of resulting structure composed of the ferromagnetic grains in the amorphous
matrix as proved by the XRD and TEM methods. The structure transformation
from amorphous to (nano)crystalline state was investigated by DSC and TGA
methods and the resulting phase and morphology of crystalline products were
analyzed.
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1 Introduction

The metastable Fe-B, Co-B and Fe-Co-B alloys are frequently studied and commonly
used as a base for different soft magnetic metallic glasses [1-8]. To improve the
nanocrystallization of these systems the rare-earth elements are often used. To elimi-
nate the need of these expensive and strategic elements the alloying by the
post-transition metals could offer “the fail-back”. So that the addition of small amounts
of Sn into the Fe-B, Co-B and Fe-Co-B based metastable systems [5—11] was studied.
The difference of the atomic radii of Fe and/or Co and Sn atoms are favorable for the
incorporation of Sn into the ferromagnetic-rich amorphous phase in spite of a rather
low melting point of Sn as compared to Fe or Co ones. Furthermore, Sn is an abundant
and inexpensive alloying element [4, 5, 12—15]. In this study the results of the struc-
tural and thermodynamic investigation of rapidly quenched (Fe/Co)s.x,SnBs sys-
tems, for the ratio Fe/Co = 1/0, 0/1 and 1/1 and for Sn x = 3.5, 5 at. %.are presented.
The structure evolution from amorphous state into the crystalline one was observed by
the calorimetric (DSC) and thermogravimetric (TGA) measurements. The formation of
ferromagnetic grains from the amorphous matrix is shown by the direct structure
observation using transmission electron microscopy as well as by the X-ray diffraction
methods. The results of in-situ phase analysis at a pre-defined temperature regime are
reviewed, too.
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2 Experimental Procedure

The amorphous alloys under investigation were prepared in the form of ribbons 6 mm
wide and ~ 20 pm thick by the planar flow casting method. The samples were linearly
heated with 10 K/min heating rate and also isothermally annealed at several selected
temperatures. The sequence and products of crystallization stages of the amorphous
structure at given time and temperature were thus observed. The measurements of
temperature dependencies of normalized heat flow and magnetic weight was used to
obtain the basic information about the transformation behavior of the studied metallic
systems. These methods enable us to define the beginning of the crystallization
(temperature of onset of transformation) 7, and to observe the character of the trans-
formations, too. The kinetic parameters (7,(10 K/min), T.(10 K/min)) were investi-
gated by differential scanning calorimetry (DSC7 Perkin Elmer) and by
thermogravimetry with small applied magnetic field (TGA7 Perkin Elmer), both in the
protective argon atmosphere. X-ray diffraction (XRD) using Bruker D8 diffractometer
and transmission electron microscopy (TEM) using JEOL 2000FX were used for
microstructural characterization of as-cast and isothermally annealed samples. The
parameters for the heat-treatment (7, — 20 K for 30 min) were selected according to
the resistivity measurements. Magnetic hysteresis loop was acquired using a Forster
type B-H loop tracer based on flux-gate magnetometer.

3 Results and Discussion

The rapidly quenched systems usually exhibit typical two-stage transformation from
amorphous to nanocrystalline state. The additions of small amounts of alloying element
can change this process dramatically. For the systems under investigation it can be seen
as the exothermic reactions on the normalized heat flow (Fig. la): the two major falls
of the heat flow values indicate the two different system structure changes separated in
the temperature. Figures la and 1b show samples with different Fe/Sn, Fe-Co/Sn and
Co/Sn ratio for the constant B. The onset of transformation in the samples containing
Fe is shifted towards lower temperature in comparison with the Co based samples. The
reduction of the temperature interval between both transformations onsets
—AT (Fig. 1a) for the Fe-based samples decrease/disappear with the increasing Co
content in the Fe-Co-Sn-B samples. The onsets of the crystallizations stages for the
Fe-based samples depend only weakly on the Sn content. For the Co-based samples Sn
content is more significant, the transformation pattern is obviously changed into the one
step — “polymorphous” crystallization, and for higher —5 at. % Sn content to tree-step
transformation; also the shift of 7, to the higher temperatures is seen. For the Fe-Co
base sample (in the Fe/Co = 1/1 ratio) the heat flow curve shows two steps of crys-
tallization desirably separated in the time and temperature, while the crystallization
temperature 7, is higher than 690 K. The TGA measurements (Fig. 1b) show the Curie
temperature of amorphous samples, for Fe based samples in the range of 630 K and
668 K, whereas higher content of Sn affects also higher T,.. Co based samples indicated
T. above the first crystallization stage, but the magnetic weight curves show the
decreasing of weight caused by changes in magnetic properties at higher temperatures
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Fig. 1. Temperature dependence of: (a) the normalized heat flow from DSC measurement for
the systems with different Fe/Co ratio; (b) the magnetic weight for systems with different Sn
content and with different Fe/Co ratio

above 670 K; however, formation of ferromagnetic phase in this temperature region
prevents accurate determination of 7, of the amorphous phase. The temperature for
isothermal annealing was chosen according to the results of the thermal analysis, with
respect to the expected final structure after regulated heat treatment.
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Fig. 2. XRD patterns from Fe-B and Co-B based samples with Sn 3.5 and 5 at. % content after
isothermal annealing at temperatures near to 7, for 30 min

The structure of the ferromagnetic phase formed was investigated thoroughly.
The XRD analysis of the early stages of the metal rich phase formation from the
amorphous state for the samples based on Fe or Co isothermally annealed at temper-
atures 20 K below T, was performed. Figure 2 shows the evolution of the metal-rich
bee-Fe and CosB phases from the amorphous state in the first crystallization stage. The
formation of metalloid-rich phases from the remaining amorphous matrix takes place in
the second stage (Fig. 1a). The XRD pattern (Fig. 2) indicates the crystalline bcc-Fe
formation for the heat treated Fe-Sn-B samples. The difference in AT is visible here,
followed by the Fe,B formation for sample with higher Sn content, as well. Co based
samples exhibit one for 3.5 at. % Sn, and three crystallization stages for 5 at. % Sn. The
failure of AT for these compositions causes an unstable structure and high content of
borides created, both responsible for deterioration of magnetic properties. In this per-
spective, the Fe-Co-Sn-B system appears to be a suitable combination of thermal
parameters like 7, T, and AT (Fig. 1a and b). The structure of (Fe;Co;)g;.5Sn35B5
after the isothermal annealing in different stage of structure formation is shown in
Fig. 3. The formation of the bcc-Fe phase is shown in Fig. 3a. The measurement of
XRD at in situ annealing reveals the ferromagnetic phase evolution from amorphous
phase during linear annealing at 2 K/min (Fig. 3b).

Structure after annealing at the temperature of the end of the first transformation
(723 K/30 min) exhibits the presence phase in matrix (Fig. 3a), similarly to the
Fe-based samples (Fig. 2). From Fig. 4 it is of the bcc-Fe grains in the amorphous
matrix (Fig. 3b). Sample annealed at the temperature in the first half of the second
transformation (783 K/30 min) exhibit Fe(Co),B obvious that the structure after
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Fig. 3. XRD patterns from Fe-Co-B based samples with Sn 3.5 at. % content: (a) XRD after

isothermal annealing at temperatures near to T, for 30 min; (b) XRD in-situ linear annealing
from AQ state

annealing at the temperatures chosen for phase analysis consists of standard small
(up to 80 nm) polyhedral bec-Fe grains for Fe-based samples while more regular Co,B
grains for Co-based samples, surrounded by the amorphous matrix in both cases. TEM
images suggest that the difference in ferromagnetic element (Fe or Co) content leads
only to a small change in the morphology and crystallinity. For the Fe-Co-based sample
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Fig. 4. TEM images showing structure evolution for student compositions after annealing at
different temperatures
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Fig. 5. Quasistatic B-H loop of Fe-Co-Sn-B ribbon annealed at 723 K for 30 min showing the
enhanced value of saturation magnetization and coercivity H.
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the grain size and morphology of bce-Fe(Co) remains unaffected in comparison with
the Fe-based samples, but the influence on crystallinity is more obvious. For this
sample the observed structure of the ferromagnetic phase could be that one of the
expected magnetic properties: the measurement of B-H loop (Fig. 5) exhibits the
coercive force H. = 6 Oe after annealing on 723 K/30 min.

4 Conclusion

Microstructure and compositional dependence of the first transformation stage of
Fe-Sn-B, Co-Sn-B and (Fe/Co)-Sn-B based systems were studied. The dependencies of
the temperatures of crystallization onsets and of the temperature intervals between the
first and next crystallization as well as the position of the Curie temperature relative to
the first transformation were investigated. For the Fe-based alloys the crystallization
temperature increases with increased Sn content, but this effect is unfavorable for the
stability of the resulting ferromagnetic phase. Thus the main interest was focused on the
first transformation and the ferromagnetic products n amorphous matrix of (Fe/Co)-
Sn-B systems. Diffraction patterns annealed in the vicinity of the first-stage transfor-
mation exhibit bce-Fe (bcc-Fe(Co)) peaks for compositions containing Fe. Materials
based on Co only transform into Co;B containing structures from the beginning — this
and the stability of remaining amorphous matrix are not suitable to achieve required
magnetic structure. The investigation of combined Fe-Co-Sn-B system with 3.5 at. %
of Sn content is more promising. The Fe-Co base has the most suitable influence on the
stability of the remaining amorphous phase and its thermal properties, necessary to
achieve desirable magnetic properties. The measured B-H loop of (Fe/Co)-Sn-B based
system shows high enough saturation magnetization and low values of magnetic
coercivity which can be further tuned by proper thermal treatment.
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