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INFLUENCE OF THE QUENCHING RATE ON THE STRUCTURE AND MAGNETIC PROPERTIES OF THE Fe-BASED
AMORPHOUS ALLOY

This paper presents the results of investigations into the structure, microstructure and magnetic properties of
Fes1Co10YsW By, amorphous alloy. The alloy samples were in two physical forms: (1) plates of approximate thickness 0.5
mm (so-called bulk amorphous alloys) and (2) a ribbon of approximate thickness 35 um (so-called classic amorphous alloy).
The investigations comprised: X-ray diffractometry, Mdssbauer spectrometry, transmission electron microscopy, and selected
magnetic measurements; all of the investigations were carried out on samples in the as-quenched state. Analysis of the obtained
SEM and TEM images, X-ray diffraction patterns, Mossbauer spectrometry results and measurements of the magnetisation
in a high magnetic field facilitated collectively the detailed description of the structure of the investigated alloy, which was

found to depend on the quenching speed.
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1. Introduction

To find the real structure of amorphous alloys is a very
complicated task because the iron-based amorphous alloys are
usually materials characterised by metastable phases. In this
type of alloy, separation of the metastable phases occurs in
the so-called supercooled liquid range AT above 55 K: AT=
T, - T,, where T, - crystallisation onset temperature 7, - glass
transition temperature) [1-4]. Based on iron, the ferromagnetic
amorphous alloys, exhibiting soft magnetic properties, usually
go through primal crystallisation [5-8]. The crystallising phase
is rich in iron and placed within the liquid phase subjected to
phase separation. The crystallisation mechanism is directly
connected with a high value of AT. This means that, within their
volume, the amorphous alloys have numerous composition
fluctuations, created during the super cooling process, below
the metastable range of non-mixing.

The value of the parameter AT depends, not only on the
chemical composition of the alloy, but also on many other
related factors, including the quenching speed of the molten
alloy [9,10]. The quenching speed of the molten alloy to the
solid state determines the structural relaxations occurring in the
alloy volume, which, in turn, strongly influences the properties
of the resulting amorphous alloys [11, 12]. An increase in the
value of the viscosity of the alloy during the manufacturing
process results in the restriction of the magnitude and rate of
atomic diffusion. According to the investigations performed in
[11-14], the structure and microstructure of samples produced
at different cooling speeds influence directly the magnetic
properties, despite the fact that the samples possess an
amorphous structure. This conclusion proves that the atomic
structure of amorphous materials depends on the cooling speed

during the production process. By means of the scanning
electron microscopy (SEM) study, information about the types
of breakthroughs of the amorphous alloys can be obtained.
This will allow for comparison of the degree of relaxation of
the amorphous structure [15, 16]. The degree of relaxation
of the amorphous structure is very important as it affects the
magnetic properties of the alloy [13]. Images from the high
resolution transmission electron microscopy (HRTEM) and
electron diffraction patterns for the investigated area reveal
the structure of the alloy [17]. The other considered methods
of investigating the structure of the amorphous alloys are
X-ray diffractometry (XRD) and Mdssbauer spectrometry
[18]. Connecting these four methods facilitates the accurate
description of the structure of the amorphous alloys. In the case
of iron-based amorphous alloys which exhibit soft magnetic
properties, a means for indirect comparison of their structure
exists [19, 20]. Analysis of the saturation magnetisation curves
of the amorphous ferromagnetic alloys allows investigation of
the effect of structural defects on the magnetisation process
while approaching ferromagnetic saturation [19, 20]. In respect
of the amorphous and nanocrystalline alloys, the process of
magnetisation, in a strong magnetic field, can be described by
the following equation [20]:
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where:

M, —spontaneous magnetisation, u,— the magnetic permeability
of a vacuum, H — magnetic field, a(i = %, 1, 2) — coefficients
of the linear fit for the free volumes and linear defects,
b — coefficient of the linear fit related with dumping of the
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spin waves by strong magnetic field, the so-called Holstein-
Primakoff paraprocess [20, 21].

In the ferromagnetic materials, the presence of structural
defects in the forms of free volumes and linear defects leads to
non-collinear distribution of the magnetic moments (Fig. 1) [20].

These defects are the source of internal stresses and areas
of reduced density. That is why complementary investigations
utilising all of the aforementioned methods are needed in order
to get a complete description of the real amorphous structure.

Therefore, in this paper, the results of the investigations
into the classic and bulk FesCo,0YsW, By amorphous alloy
are presented; with coverage of the structural properties
(using: SEM, HRTEM, XRD and Madssbauer Spectrometry)
and the magnetic properties (using: the Kronmiiller theorem
of approach to ferromagnetic saturation and the Holstein-
Primakoff paraprocess).
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Fig. 1. Distribution of the magnetic moments in the vicinity of (a) the
free volumes and (b) quasidislocation dipoles [20][20]

2. Experimental procedure

The components used in the production of the amorphous
alloys were of high purity: Fe - 99.99 at.%, Co - 99.99 at.%,
Y - 99.99 at.%, and W - 99.999 at.%. The element, boron,
was added in the form of Fe,s¢Bs.4 alloy. Samples used in
the investigations were made using two methods: a suction-
casting method (where the molten alloy is sucked into a water-
cooled, copper die) and the melt-spinning method (involving
the unidirectional quenching of the molten alloy on a rotating
copper wheel) (Fig. 1). The production process consisted of
two steps. In the first stage, under a protective atmosphere of
inert gas, the crystalline alloy was prepared by arc-melting
the elements. The resulting crystalline alloy was divided into
portions (each of which weighed a few grams) and the portions
then were used in the second stage of production, in which
samples were manufactured in the final forms of ribbons and
plates.

The structure of the samples was investigated by means of
a BRUCKER ADVANCED D8 X-ray diffractometer, equipped
with a CuK, source. The samples were scanned over the 20
range from 30 to 100° with a measurement step of 0.02° and an
exposure time of 14 s per step. The microstructure of the ribbon
and plate shaped samples was investigated usinga POLON
Maossbauer spectrometer equipped witha®’Co radiation source,
the latter being enclosed in the Rh matrix and featuring a half-
life of 270 days and an intensity of 50 mCi. Both the XRD
and Mdssbauer investigations were performed on samples
which had been powdered using a low-energy process. Using

powdered samples allowed information to be obtained from
the whole volume of the sample. The microstructure of the
samples also was investigated by means of SEM and HRTEM.
Images of the breakthroughs were obtained using the maximal
resolution of 25,000x,using a Supra 25 Zeiss scanning electron
microscope, the latter utilising detection of the secondary
electrons with an acceleration voltage of 25 kV. Images of the
samples, the latter being in the form of lamels, were obtained
using a high resolution electron microscope FEI S/TEM
TITAN 80-300 with an acceleration voltage of 330 kV. The
lamels used in the investigations were prepared for scanning by
etching using a gallium ion beam with an energy level of 5 keV.
The magnetic investigations were performed by a LakeShore
7003 vibrating sample magnetometer (VSM) using a magnetic
field of up to 2 T. Analysis of the initial magnetisation curves
was performed according to the H. Kronmiiller theorem.
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Fig. 2. A schematic description of the production cycle for
conventional and bulk amorphous materials: (a) the initial preparation
of polycrystalline ingots using arc-melting; (b) the amorphous strip-
casting process, (¢) the process of production for creation of bulk tiles
using the suction-casting method

3. Results and discussion

In Fig. 3, X-ray diffraction patterns are presented for the
samples made from the plate and ribbon of the investigated
alloy, FesCo1oYsW By.

The diffraction patterns, presented in Fig. 3, are similar
and each exhibits a single, broad diffraction maximum,
occurring at the 2@ point from ~ 35 - 50°. This is typical of
the iron-based amorphous alloys. The transmission Mdssbauer
spectra, and corresponding hyperfine field distributions, are
presented in Fig. 4.

The Mdossbauer spectra obtained for the samples of
FeqCoigYsW By alloy are typical of ferromagnetic materials
with an amorphous structure. Each spectrum consists of six
wide and asymmetrical Zeeman’s lines. Obtained from analysis
of the Mossbauer spectra, the hyperfine field distributions on
the *'Fe nuclei consist of clearly separated low- and high - field
components. This analysis has been performed taking into
account the distribution of the hyperfine field which, in turn,
describes the local atomic distribution of the Fe atoms. The



data obtained from analysis of the transmission Mdssbauer
spectra are presented in Table 1.
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Fig. 3. X-ray diffraction patterns for the investigated alloy: (a) ribbon,
(b) plate
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Fig. 4. (a, b) The transmission Mdssbauer spectra and (c,d)
corresponding hyperfine field distributions on the57Fe nuclei for the
investigated alloy: (a, c¢) ribbon; (b, d) plate

TABLE 1
The value of the mean hyperfine field using the ’Fe nuclei (B,
and dispersion of the hyperfine field distributions of the amorphous

phase (D).
Form By (T) D, (T) Ref.
Ribbon 19.19(2) 5.001(3) |[22]
Plate (suction-casting) 20.19(2) 5.059(3) |[22]

The higher value of the average induction of the
hyperfine field for the plate-shaped sample suggests a higher
value of atomic packing density, in comparison with the
ribbon-shaped sample. In turn, this suggests a higher degree
of order in the topological structure of the plate-shaped
sample. The observed differences, between the two samples,
are the result of the different cooling rates of the molten
alloy during the production process. A longer quenching time
supports relaxation processes, which are related with the
atomic diffusion. During the quenching process, the diffusion
of atoms within the metallic alloy leads to temporary or full
stabilisation of the structure and also to division of the phases,
which are characterised by non-mixing in the metastable state.
The dispersion of the hyperfine field distributions for the plate-
shaped sample is higher than that for the ribbon-shaped sample;
this suggests a lower value of homogeneity in the vicinity of
the iron atoms. The distribution of the hyperfine field on the
57Fe nuclei covers the same range for both samples, but differs
slightly in shape. For both samples, the low- and high-field
components can be distinguished. The maximum of the high-
field component clearly depends on the production method and
is higher for the sample obtained at the lower cooling speed. The
low-field components have maximal values at the induction of
the hyperfine field range from 6 - 8 T. The separated low-field
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components are related to the presence of the yttrium atoms in
the nearest neighbourhood of the iron atoms. Yttrium atoms are
located in the first co-ordination zone and are responsible for
lowering the value of the hyperfine field [18, 23]. SEM images,
showing the surfaces of the breakthroughs in the ribbon- and
plate-shaped samples of the investigated FeqCoioYsW By
alloy, are presented in Fig. 5 and Fig. 6. Fig. 5 shows the overall
view of the breakthrough of the ribbon-shaped sample. In the
indicated area, a smooth breakthrough can be seen; this type
dominates on the ribbon cross-section (Fig. 5b). A completely
opposite character of breakthrough can be observed for the
plate-shaped sample. Fig. 6 shows the general view of the
breakthrough, with areas indicated for further observations.
A place with missing material volume, created during the
production process, can be distinguished (the area indicated
within the black circle). In the vicinity of this imperfection,
only a smooth breakthrough has been observed. Closer to the
sample edge, where the copper die had been fully filled by
the alloy (two black squares), a mixed breakthrough has been
created during the decohesion process. In Fig. 6¢, the dominant
type of breakthrough is smooth; however, the clear scale-like,
well-developed breakdown with a fine vein-like surrounding
structure can be observed. This type of breakthrough can
suggest various degrees of relaxation within the structure. Fig.
6 and d shows the structure of the breakthrough very near the
sample edge. In Fig. 6b, the line creating the division band
of the breakthrough is clearly visible with a well-developed
scale-like structure along it. Within these scale-like structures
the breakthrough has been more complicated and it could be
described as a stream-like breakthrough. The presented images
of the breakthroughs in the investigated samples suggest that,
in the amorphous materials, the quality of the structure and
its degree of relaxation depend on the production process and
more precisely - on the quenching speed of the molten alloy.

Fig. 5. (a) The SEM image of the ribbon-shaped sample breakthrough
and (b) magnification of the indicated area.
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Fig. 6. (a) The SEM image of the plate-shaped sample breakthrough
and (b, ¢ and d) the magnifications of the indicated areas

The amorphicity of the obtained samples of
FesCo10YsW B, alloy also was confirmed by the transmission
electron microscopy investigations (Fig. 7). In the case of the
two analysed samples, the obtained area images are similar.
In the presented images of the microstructure (Fig. 7 a and
c) areas with symmetrical atomic ordering are not visible,
which indicates the amorphicity of the samples. The electron
diffraction patterns, obtained for selected areas of the samples,
provide additional confirmation of theamorphicity of the
investigated samples. These patterns are in the form of wide,
diffused rings, which is typical for materials with short-range
ordering.

Fig. 7. (a, c¢) images of the material structures obtained by TEM for
the investigated alloy, and (c, d) corresponding electron diffraction
patterns STEAM, (a, b) ribbon; (c, d) plate

Utilizing measurements of the magnetisation of the
amorphous materials in strong magnetic fields, above the
effective anisotropy field in the so-called ‘approach to

ferromagnetic saturation’ area, the effect of the structural
defects on the magnetisation process can be established [13,
19, 20]. In Fig. 8, static hysteresis loops are presented for the
ribbon and plate-shaped samples of the investigated alloy. The
shapes of the static hysteresis loops are similar and typical
for ferromagnetic materials with soft magnetic properties.
The ribbon-shaped sample is characterised by substantially
higher values of initial magnetic susceptibility and saturation
magnetization, and a lower value of coercive field. Again, it
can be seen that the quenching speed, during the production
process, has a significant impact on the microstructure and
magnetic properties of the investigated alloy. Data obtained
from analysis of the static hysteresis loops are presented in
Table 2.

TABLE 2
Data obtained from analysis of the static hysteresis loops: saturation
magnetization - y,M,, coercive field - H.

Form oM (T) H. (A/m) Ref.
Ribbon 1.49(2) 61(3) [12]
Plate 1.14(2) 37(3) [22]
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Fig. 8.The static magnetic hysteresis loops, recorded for the samples
of the investigated alloy: (a) ribbon, (b) plate

The initial magnetisation curves, high-field magnetisation
curves as functions of (uOH)'and (uOH)?, and linear fit of the
magnetisation as a function of (WOH)"?, describing the Holstein-
Primakoft paraprocess, are presented in Fig. 9. For the ribbon-
shaped sample, a good linear fit has been obtained for the second
law of the approach to ferromagnetic saturation within the field
range of 0.01 T to 0.13 T. In the case of the plate-shaped sample,
the third law of the approach to ferromagnetic saturation has
been fitted over a wide magnetic field range (0.13 T - 0.40 T).
Under the influence of higher magnetic fields, 0.13 T for the
ribbon sample and 0.40 T for the plate sample, the Holstein-
Primakoft paraprocess, related with the dumping of thermally
induced spin waves, has been observed.
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Fig. 9. (a) The initial magnetisation curves, (b) Holstein-
Primakoff paraprocess, and high-field magnetisation as a function
of the magnetizing field in the powers of: (¢) (nOH)-land
(d) (WOH)-2; for the investigated alloy in the as-quenched state in the
forms of a ribbon and a plate

Data obtained from analysis of the initial magnetisation
curves, according to the H. Kronmiiller theorem, are presented
in Table 3.

According to Kaul [24] and Corb [25], in amorphous
alloys featuring a highly relaxed structure there are constant
changes occurring in the vicinity of the central magnetic
atom. In such a relaxed structure each magnetic atom has
~12 neighbours, and in a structure which is not relaxed the
equivalent value is only 9-10 neighbours. An increase in the
value of the parameter describing the stiffness of the spin
wave is associated with an increase in the number of atoms
in the nearest neighbourhood of the central magnetic atom.
According to the data gathered in Table 3, the sample made
by unidirectional quenching of the molten alloy on a copper
wheel possesses the more homogeneous magnetic structure.

4. Conclusions

In this paper, the structure, microstructure and magnetic
properties of FesCo0YsW; B, amorphous alloy have been
studied. The samples were made in two forms: a ribbon of
approximate thickness 30 um and a plate of approximate
thickness 0.5 mm. It has been confirmed that the manufactured
samples, in the as-quenched state, were fully amorphous.
The amorphous ribbons were made using a cooling speed of
10*- 10° K/s, whereas the bulk amorphous sample in plate-
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form was cooled at 10'-10* K/s. On the basis of the performed
investigations, it could be stated that the cooling speed
employed during the production process plays a major role
in the formation of the structural and magnetic properties of
the iron-based alloys. The Mossbauer investigations facilitate
the collection of information about the nearest neighbourhood
of the Fe atoms. Changes in the spacial configuration of the
elements, caused by redistribution of the magnetic moments
of the atomic pairs (Fe-Fe, Fe-Co, Co-Co) and surrounding
them pairs of (Fe-Y) exclusively result from the production
method. The SEM images of the breakthroughs for the ribbon-
shaped and plate-shaped samples differ, and this fact is also
related with the sample manufacturing process. Restricting
the quenching time of the molten alloy limits the processes
of atomic diffusion, which additionally are hindered by an
increase in the viscosity value of the solidifying alloy with
high glass-forming ability. Analysis of the breakthroughs
for both alloy samples revealed that, for each sample, the
structural relaxation process proceeds in a different way and
with different strength. The images of the microstructure of
selected areas of the samples, captured using TEM, and the
corresponding electron diffraction patterns, are typical for
the amorphous materials. On the basis of the H. Kronmiiller
theorem, the influence of the structural defects on the magnetic
properties has been evaluated. Also, the spin wave stiffness
parameter has been calculated; this gives an indication of the
nearest neighbourhood of the central Fe atom and the short-
range ordering. It has been found that the value of D,, for the
ribbon-shaped sample is much higher, which means that the
magnetic structure of this sample is more ordered.

During the production process of an amorphous alloy,
the quenching rate is a factor which is instrumental in
deciding the microstructure and magnetic properties of the
resulting alloy.
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