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ABSTRACT

Purpose: This paper presents results of investigation of structure and magnetic properties of FessCo;Ni;B,oNb;,
metallic glasses prepared from industrial raw materials. The investigated samples were cast in form of the ribbons.
Ribbons were prepared by the single copper roller melt spinning method. The casting conditions include linear
speed of copper roller: v =18 and v = 20 my/s and ejection over-pressure of molten alloy: p = 0.02 MPa.
Design/methodology/approach: The structure was characterized by X-ray diffraction (XRD) method,
transmission electron microscope (TEM), scanning electron microscope (SEM). The magnetic properties
contained, coercive force H,, initial magnetic permeability x; and magnetic after-effects Au/u measurements
were determined by the coercivemeter and with the use of automatic device for measurements magnetic
permeability, respectively. Magnetic hysteresis loops were measured with a vibrating sample magnetometer
(VSM) under an applied field up to 2 T. Magnetic properties of saturation magnetization - M, was determined
from achieved magnetic hysteresis loops. Hysteresis loops, recorded using a computer controlled DC hysteresis
loop tracer, were used to obtain hysteresis parameters.

Findings: The XRD and TEM investigations revealed that the studied ribbons were amorphous. The SEM
images showed that studied fractures morphology of ribbons is changing from smooth fracture inside with
few veins network in surface freely solidified (shining surface). Character of fracture morphology revealed
ductile character of FessCo,Ni;B,oNb;, ribbons with vein pattern morphology, typical for amorphous alloys.
The detailed analysis of data of magnetic properties i.e. M, u; and H, allow to classify the alloy in as quenched
state as a soft magnetic material.

Research limitations/implications: The results can give more details to understand the relationship between
structure and magnetic properties. Thus can be useful for practical application of these alloys.

Practical implications: The Fe, Co, Ni-based metallic glasses due to their properties such as excellent magnetic
properties are the most attractive and promising for the future applications as new prominent class of engineering and
functional material. Thin ribbons of magnetic metallic glasses are currently used in transformer cores, in magnetic
sensors, and for magnetic shielding. Higher thicknesses would be useful particularly for the latter two applications.
Originality/value: The applied investigation methods are suitable to determine the changes of structure and soft
magnetic properties of examined FessCo,Ni,;B,(Nb;, metallic glasses with function of sample thickness.
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1. Introduction

Metallic glasses have been drawing increasing attention due
to their scientific and engineering significance (Inoue, 2010).
The metallic glasses (also often referred to as glassy alloys or
amorphous alloys) emerged some 50 years ago, defying the
expectation that solid metallic states would always be crystalline
due to the nature of metallic bonding (Kovalenko, 2001). Metallic
glasses offer attractive benefits, combining some of the desirable
properties of conventional crystalline metals and the formability
of conventional oxide glasses. The absence of grain boundaries in
glassy alloys contributes to unique combinations of magnetic
(such as high saturation magnetization (/) and initial magnetic
permeability (z;), low coercive force (H.) (Gutfleisch, 2011),
mechanical (such as high strength, high specific strength, large
elastic strain limit, ductility) electrical and chemical properties
(Greer, 2007).

During the last decades, metallic glasses have been discovered
in a wide range of alloys. The first synthesis of an amorphous phase
was performed for an AuysSiys alloy by Duwez’s group in 1960
(Klement, 1960). The studies on the development of amorphous
alloy tapes in Fe- , Co- and Ni-based alloy systems were made for
several years since 1970 (Inoue, 1998), (Shen, 2007). Many
researches were nearly concentrated on the subject of magnetic
properties because of potential magnetic applications of Fe-, Co-
and Ni-based metallic glasses. The mechanical properties of
metallic glasses are also very important for their applications as
structural materials. Recently, with the aim at searching for a Fe-
based ferromagnetic glassy alloy system with high strength as well
as good soft-magnetic properties, it has been found that
[(Feo_gCOO_1Ni0_1)0_75B0_2Si0_05] 96 Nb4 glassy alloy exhibits super-high
strength - oy of over 4000 MPa and some ductile strain up to
£=0.005, combined with good soft-magnetic properties (Inoue,
2004).

Alloy design strategies using high purity raw materials and
novel elements to produce metallic glasses may not be the most
economical approach to developing Fe-, Co, Ni-based metallic
glasses for the commercial applications (Liu, 2004), (Sun, 2012).
In 2007, Jia et al. found that the Fe;Co3¢B19,SisgNb, have been
successfully prepared by using commercial raw materials (Jia,
2007).

This paper presents results of investigation of structure and
magnetic properties of FesCo;Ni;ByNb;, metallic glasses prepared
from industrial raw materials. The precursor of investigated alloy
was [(FeygCoyg.1Nig.1)0.75B02Sig.05]osNbs glassy alloy, which have
been prepared by Inoue from the high purity raw materials (Inoue,
2004). More details about magnetic and mechanical properties and
thermal stability of the [(Fe,Co,Ni)g75B02Sig0s5]osNb,s glassy alloys
are presents in Table 1 (Shen, 2007).

2. Material and method

2.1. Test material

Investigations were carried out on amorphous ribbons with
compositions of FescCo;Ni;B,Nbjg. The alloy compositions

represent nominal atomic percent. The Fe-based master alloy
ingots were prepared by arc melting the mixtures of the Fe-B , Fe-
Nb starting alloys and pure Fe, Co, Ni metals in an argon
atmosphere.

The investigated samples were cast in form of the tapes with
thicknesses from /=0.07 to /=0.15 mm and width of w=0.85 and
w=1.95 mm. Ribbons were prepared by the single copper roller
melt spinning method. The melt-spinning technique was noticed
to be appropriate for the production of amorphous alloy tapes with
thickness - ¢ ranging from =70 to =150 um. The -casting
conditions include linear speed of copper roller: v= 18 and
v=20 m/s and ejection over-pressure of molten alloy: p=0.02 MPa.

2.2. Methodology

The structure of the ribbons was examined by X-ray
diffraction (XRD) method, transmission electron microscope
(TEM), scanning electron microscope (SEM). The X-ray method
has been performed by the use of diffractometer X-Pert PRO MP
with filtered Co-Ka radiation (A=0.17888 nm) in Bragg-Brentano
geometry. In order to conduct structural study, the electron
microscope TESLA BS 540 of 100000x magnitude was used.
The morphology of fracture surfaces after decohesion was
observed in scanning electron microscope ZEISS SUPRA 25.

The magnetic properties contained, coercive force - H, initial

magnetic permeability - ; (at force H=0.5 A/m and frequency f~1
kHz) and magnetic after-effects - Ap/u measurements were
determined by the coercivemeter and with the use of automatic
device for measurements magnetic permeability, respectively
(PN-IEC 60050-121:2000). Where Ap=p(t;=30 s)-(t,=1800 s), p
is the initial magnetic permeability measured at time t after
demagnetisation (Kronmiiller, 1983), (Lesz, 2008).
Magnetic hysteresis loops were measured with a vibrating sample
magnetometer (VSM) under an applied field up to 2 T. Magnetic
properties of saturation magnetization - Ms was determined from
achieved magnetic hysteresis loops. Hysteresis loops, recorded
using a computer controlled DC hysteresis loop tracer, were used to
obtain hysteresis parameters (Lesz, 2011).

2.3. Results and discussion

It was found from the obtained results of structural studies
performed by X-ray diffraction (XRD) that the structure of the
ribbons with thickness of both /=0.07 mm and /=0.15 mm of
FessCosNi;ByoNby, alloy consists of amorphous phase. Only
broad peak without any crystalline peaks can be seen for the all of
ribbons (Fig. 1). Obtained results of structural studies performed
by XRD are corresponding with the TEM micrograph (Fig. 2, 3).
The diffraction pattern taken from the small region consists only
of halo rings, and no appreciable reflection spots of crystalline
phases are seen (Fig.2, 3). Character of fracture morphology
revealed ductile character of FesqCo;Ni;B,gNb,, ribbons with vein
pattern morphology, typical for amorphous alloys. Morphology is
changing from smooth fracture inside with few veins network in
surface  freely solidified (shining surface) (Fig. 4, 95).
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Table 1.

Magnetic (M;- saturation magnetization, |, - effective permeability, H, - coercive force, T, - Curie temperature) and mechanical properties
(E-Young’s modulus, o¢- fracture strength, € - plastic strain, HV - Vickers hardness), thermal stability (T, - glass transition temperature,
AT(=T-T,) - supercooled liquid region, T,/Ty, - the reduced glass transition temperature) of the cast [(FeygCog Nig1)o.75B02S10.05losNbs

glassy alloy

Magnetic properties Mechanical properties Thermal stability
M,[T] e H.[A/m] TJ[K]  E[GPa] o;[MPa] P HV T, [K] AT, [K] T/T,
1.1 16 000 3.0 613 208 0.005 1230 818 55 0.606
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Fig. 1. X-ray diffraction pattern of FessCo;Ni;ByNbyq ribbons
with thickness of /=0.07 mm and /=0.15 mm

The results of magnetic properties measurements of the
investigated ribbons of FessCo;Ni;ByoNb;, alloys have been
presented in the Table 2 and Fig. 6a, b. Fig. 6 shows hysteresis
HoM-1yH loops of the FessCosNi;ByoNby, glassy ribbons with
thickness of =0.07 mm (a) and /=0.15 mm (b). As shown in
Figure 6, the saturation magnetization - M, of the
FessCo7Ni,B,Nb;, ribbons with thickness of /~=0.07 mm and
t=0.15 mm are 0.89 and 0.79 T, respectively. The slight decrease
in the M, of the loops are considered to be caused by the
demagnetization field resulting from the large thickness of the
samples (Inoue, 2003). The detailed analysis of data of magnetic
properties i.e. M, g and H,. allow to classify the alloy in as
quenched state as a soft magnetic material (Table 2). The ribbons
with thickness of /=0.07 mm have better magnetic properties
(H=4.0 A/m, p=1300, Aw/~=1.1, Table 2) than ribbons with
thickness of #~=0.15 mm (H=3.2 A/m, p=1100, Aw/}~8.4,
Table 2) of FessCo;Ni;B,oNbq alloy. This suggest that the casting
conditions have influence on microvoids content and thereby on
magnetic properties. These excellent magnetic properties
(Table 2) lead us to expect that the Fe-based amorphous alloy
could be used as a new engineering and functional material
intended for parts of inductive components (e.g. micromotors,
radio wave clock antennas, watch gears, and other applications).
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Fig. 2. TEM micrograph and electron diffraction pattern of
selected area of FessCosNi;B,ygNby, ribbons with thickness of
=0.07 mm

Fig. 3. TEM micrograph and electron diffraction pattern of
selected area of FessCosNi;BygNbyy ribbons with thickness of
=0.15 mm

Table 2.
Magnetic properties (u; - initial magnetic permeability, du/u -
magnetic after effects, H, - coercivity, M, - saturation

magnetization) of FessCo;Ni;B,oNbjo ribbons with thickness of
t=0.07 mm and #=0.15 mm (Shen, 2007)

Thickness of ribbons Magnetic properties
t Au/u H, M,
[mm] H [%]  [A/m]  [T]
0.07 1300 1.1 4.0 0.89
0.15 1100 8.4 32 0.79
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EHT =20.00 kV
WD = 13mm

Signal A = SE2
Mag= 5.00 KX

Fig. 4. SEM image of fracture surface of FescCo;Ni;ByNbyg
ribbons with thickness of =0.07 mm after decohesion; smooth
fracture inside with few veins network in surface freely solidified

10 pm EHT =20.00 kV
WD = 14 mm

Signal A = SE2 zE1SS]
Mag=_ 2.00 KX

Fig. 5. SEM image of fracture surface of FescCo;Ni;ByNbyg
ribbons with thickness of /=0.15 mm after decohesion; smooth
fracture inside with few veins network in surface freely solidified

The microvoids content is often examined using magnetic
after effects (4/u) measurements. The value of Aw/u increases
with the increase of microvoids in the material (Lesz, 2008). The
obtained values of H. of the ribbons with thickness of =0.07 mm
of FessCo;Ni;ByNb alloy are similar than in other alloys with
the similar chemical composition investigated by (B. Shen, 2007)
whose results for [(Fe0.8Co00.1Ni0.1)0.75B0.2Si0.05]96Nb4
alloys as follows: saturation magnetization M=1.1 T, coercive
force H=3.0 A/m (Table 1).

3. Conclusions

We can state that the ribbons of FessCo;Ni;ByoNb, alloy have
an amorphous structure and good soft magnetic properties, i.e., M;
of 0.79-0.89 T, low H, below 4 A/m. These excellent magnetic
properties lead us to expect that the FessCo7NizByNbg
amorphous alloy is promising for the future applications as new
prominent class of engineering and functional material. Character
of fracture morphology revealed ductile character of
Fes6C07Ni;BNb, ribbons with vein pattern morphology, typical
for amorphous alloys.

Structure and magnetic properties of FesgCo;Ni;BogNb4g metallic glasses
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Fig. 6. Room temperature magnetic hysteresis loops measured at a
maximum applied field of 2 T for FescCo;Ni;B,oNby, ribbons with
thickness of /=0.07 mm (a) and /=0.15 mm (b)
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