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Abstract

In the present work, the glass formation of Fe;3B4Sig alloy with small additions of Nb and Y has been investigated. Ribbons were prepared
by planar-flow casting. Small ingots (up to 5 mm in diameter) were obtained by injection casting technique into a conical Cu mold. Thermal and
structural properties were measured using differential scanning calorimetry (DSC) and X-ray diffraction (XRD), respectively. The microstructure has
been observed by scanning electron microscopy (SEM). Quasi-static hysteresis loops have been measured using a vibrating sample magnetometer
(VSM). Rapid solidification leads to a fully amorphous structure for all compositions. A partial amorphous structure has been obtained in samples
prepared by copper mold casting, when adding Nb and Y. The role of Nb and Y addition on glass formation is discussed on the basis of melting
behavior, analyzed by HT-DSC. Magnetic properties are correlated with the observed microstructures.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Bulk metallic glasses (BMG) have been extensively stud-
ied due to their potential technological applications and their
interesting physical properties [1]. In order to improve the glass
forming ability (GFA), the minor alloying addition is a very
effective method [2]. It was reported that Nb and Y improve
the GFA of Fe-based alloys and their role has been related to
thermodynamic, kinetic and structural effects [3,4].

Amorphous Fe-Si-B alloys are used as transformer core
materials due to their good soft magnetic properties and the
glass forming ability of these materials has been studied exper-
imentally in the past [5]. More specifically, the most favor-
able Fe-Si-B glasses concerning their thermal stability have
5-10at.% Si and 75-78 at.% Fe [6] and indeed, metallic glasses
with the greatest technological significance are in this region [7].
However, the fully amorphous structure can be achieved below
maximum thicknesses of 230 pm [5]. In order to improve the
GFA of such alloys, the effect of small additions of Nb and Y
has been investigated. The addition of a large atom such as Y
helps to destabilize the competing crystalline phases due to its

* Corresponding author. Tel.: +39 011 6707569; fax: +39 011 6707855.
E-mail address: marcello.baricco@unito.it (M. Baricco).

0925-8388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2006.08.272

large negative heat of mixing with other small and intermediate
atoms [8]. Moreover, Y was found to be able to scavenge oxygen
from the undercooled liquid avoiding the heterogeneous nucle-
ation and increasing furthermore the GFA. Nb addition enables
the formation of stable amorphous phase through an increase in
the stability of the supercooled liquid against crystallization due
to its negative heats of mixing compared to Fe, Si and B [1,8].

This paper aims to investigate the role of addition of Nb and
Y to a widely used magnetic amorphous alloy Fe7§B14Sig. The
GFA has been analyzed comparing the results obtained by rapid
solidification and by copper mold casting. It appears that the
addition of both Nb and Y promotes bulk glass formation. The
melting and solidification behavior of various alloys has been
investigated by HT-DSC, showing a decrease of the melting tem-
perature due to minor additions to the base alloy. From the SEM
analysis of the microstructure of (Fe73SigB14)93NbsY3 master
alloy, the presence of an immiscibility gap in the liquid state
is inferred. The analysis of magnetic properties indicates a bet-
ter behavior for the amorphous ribbon with respect to partially
crystalline bulk metallic glass.

2. Experimental

Fe7gsi3B14, (Fe7gSi3B]4)96Nb4 and (FC735i3B14)93Nb4Y3 master alloys
have been prepared by arc melting 99.9% pure elements in a Ti-gettered argon
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atmosphere. The alloys have been melted several times in order to improve their
homogenization. Ribbons with thicknesses between 30 and 60 wm have been
prepared by planar-flow casting in Ar atmosphere. The master alloy was melted
in a quartz crucible (with an open nozzle of 0.8 mm) using an induction coil
and ejected thereafter in a cone-shaped Cu mold by applying an overpressure
of about 0.15 bar. The bulk cast alloys have been prepared as cones with 5 mm
base and 30 mm height.

The structure of the samples has been checked by X-ray diffraction (XRD)
using Co Ka radiation. In the case of the cast cone-shaped ingots, the structural
investigations have been performed on cone tips of 1 mm diameter. Alloys melt-
ing and solidification processes have been studied by using a Setaram HT-DSC
at scanning rate of 0.033 K's~!. The sample was introduced in an alumina pan
and surrounded with alumina powder to prevent sticking to the crucible walls.
The cell was evacuated and purged several times before measuring, under He
flow. Calibration of the instrument has been performed by measuring the tem-
perature and heat of fusion of samples of pure metals (Al, Ag, Au, Fe, Cu, Ni).
The evolution of the crystallization process of the amorphous samples has been
studied by Perkin-Elmer DSC7 using a heating rate of 0.33 K s~! under Ar flow.
Microstructure analysis has been carried out on samples previously etched with
2% Nital using a Leika Stereoscan 420 scanning electron microscope (SEM).
Samples composition and homogeneity were verified by energy dispersive spec-
troscopy (EDS).

DC-magnetic measurements were carried out using a vibration sample
magnetometer (VSM) in a maximum applied field of 1.5T, at room tem-
perature. The applied magnetic field was parallel to the casting direction of
the samples. In the case of ribbons, the analyzed pieces with dimension of
3.0mm x 3.0mm x 0.050 mm were cut from a master ribbon. The measured
cylindrical ingots had 1.0 mm diameter and 5.0 mm height.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of the ternary Fe;3SigB14
alloy (referred as base alloy hereafter). The presence of the
ordered Fe3Si (D03) and Fe;B phases is observed in the master
alloy. The formation of such phases was suppressed in rapidly
solidified ribbons and the presence of a main halo indicates
a fully glassy phase. In the ingot case, only bce-Fe peaks are
observed in the XRD pattern.

Fig. 1(b) shows the XRD patterns of the (Fe73SigB14)96Nba
alloy. bece-Fe and a mixture of borides (Fe;B, FesB, Fey3Bg)
are observed in the master alloy. No Nb-containing phases were
observed, suggesting the dissolution of this element in the equi-
librium phases. The formation of borides was suppressed in
the as-cast ingot and only diffraction peaks of bcc-Fe can be
observed. Rapid solidification leads to a fully amorphous phase,
as evidenced by the absence of diffraction peaks in the XRD
pattern.

Fig. 1(c) shows the XRD patterns of the (Fe7gSigBi4)93-
Nb4Y3 alloy. Diffraction peaks corresponding to bce-Fe, borides
mixture (Fe;B, FesB, Fex3Bg), Fej7Y> and Fe,Nb phases were
identified in the master alloy pattern. Sharp crystalline peaks of
bce-Fe and borides, superimposed on a main amorphous halo,
are observed for the as-cast | mm ingot, suggesting the presence
of crystalline phases embedded in an amorphous matrix. The as-
cast ribbon pattern presents only the main halo corresponding
to a fully amorphous phase. A weak (200) diffraction peak of
bee-Fe is also observed in the pattern, indicating the presence
of a small fraction of oriented crystals on the surface.

Fig. 2 shows the back-scattered SEM images of the
microstructure of the (Fe73SigB14)93Nb4 Y3 master alloy (a) and
as-cast 1 mm ingot cross-section (b), respectively. The image of
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Fig. 1. XRD patterns of master alloy, as-cast 1 mm ingot and as-quenched rib-
bon: (a) Fe7gSigB14, (b) (Fe7SigB14)osNbs and (c) (Fe7gSigB14)93Nbs Y3.

the master alloy indicates a heterogeneous microstructure spread
over the whole sample and the presence of four equilibrium
phases is clearly evidenced from the observed contrast. Equilib-
rium phases in the master alloy were identified from the chemical
composition data measured in several areas of the sample. The
brighter phase was identified as being Fe;Nb (A), and concern-
ing its drop-like shape, it is believed that this phase had solidified
from a Nb-enriched liquid that has been separated from the
parent liquid. Such liquid separation occurs due to presence of
miscibility gap of the binary Nb—Y system that can be extended
to more complex systems [9]. (B) and (C) areas in Fig. 2(a)
were identified as bee-Fe and boride phases, respectively, which
were formed from a pseudo-eutectic reaction. A coarse Fej7Y»
microstructure (D) was also identified and it is expected to be
formed from a solid-state reaction at low temperature. Fig. 2(b)
shows a back-scattered image of a cross-section taken from the
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Fig. 2. Back-scattered SEM images of (Fe;3SigB14)96NbsaY3: (a) master alloy
containing Fe,;Nb phase (A), bee-Fe (B), boride phases (C) and Fe;7Y, phase
(D); (b) as-cast 1 mm ingot cross-section.

tip of the as-cast (Fe73SigB14)9sNbs Y3 ingot. Only few spher-
ical particles embedded in the amorphous matrix are observed.
They cannot be easily identified by SEM, but according to XRD
results they should correspond to a mixture of bce-Fe and boride
phases. SEM image of the cross-section of the ribbon (not shown
here) did not show any significant contrast, confirming the for-
mation of a fully amorphous phase by rapid solidification.

In order to understand the effect of Nb and Y addi-
tion on glass formation, the melting behavior of Fe;gSigBi4,
(Fe7gSi8B14)96Nb4 and (Fe7gSi3B14)93Nb4Y3 alloys has been
investigated by HT-DSC. Melting and solidification curves are
shown in Fig. 3 and the relevant thermal stability properties are
collected in Table 1. The ternary base alloy (Fig. 3(a)) exhibits
three endothermic peaks. According to the assessed Fe—Si-B
phase diagram [10], the first peak (7y) can be associated to
the first melting reaction of the bce-Fe/Fey B mixture. The main
reaction corresponds to the melting of Fe; B and it is followed by
the liquidus point (71) at higher temperatures, where the bec-Fe
is fully transformed into the liquid. Solidification of the liquid
alloy shows a slight undercooling, as evidenced by the huge
exothermic signal due to primary solidification. Two solidifica-
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Fig. 3. High temperature DSC for (a) Fe7gSigB14, (b) (Fe73SigB14)96Nbs and
(c) (Fe73SigB14)93Nbs Y3 alloys. Arrows indicate Ty, Tr and 71, reported in
Table 1.

tion reactions, partially overlapped, follow without any signif-
icant undercooling. The DSC curve for the (Fe7gSigB14)96Nby
alloy, shown in Fig. 3(b), displays that the first melting reac-
tion, occurring at 1378 K, is the most intense and it is followed
by an overlapped endothermic peak. Liquidus point was mea-
sured at 1448 K. Solidification of this alloy shows a strong liquid
undercooling, as already observed for similar compositions [3].
For the (Fe73SigB14)93Nbs Y3 alloy the two melting reactions
start at 1381 K and appear almost fully overlapped, as shown
in Fig. 3(c). The liquidus point is barely visible on heating at
1436 K, but it is clearly observable, after a small undercool-
ing, on the DSC trace of solidification. From the whole data of
HT-DSC, it is clear that the addition of Nb reduces both Ty
and 71, of the Fe7gSigB14 alloy. The successive addition of Y to
(Fe73SigB14)96Nbs does not influence significantly Ty and 71,
values.

Fig. 4 shows DSC traces obtained for rapidly solidified
ribbons and for the (Fe7gSigB14)93NbsY3 ingot. The glass

Table 1
Thermal stability properties obtained from DSC traces

Alloy composition Tm (K) Ti. (K) Ts (K) Tx (K)
Fe73SigBi4 1392 1468 1427 830
(Fe73SigB14)96Nbyg 1378 1448 1375 844
(Fe73SigB14)93Nbs Y3 1381 1436 1428 948

Twm, melting temperature; 71, liquidus; 7, solidification temperature; Tx, crys-
tallization temperature of amorphous ribbons.
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Fig. 4. DSC traces for as-quenched amorphous ribbons and (Fe;3SigB14)93-
Nb4 Y3 ingot.

transition temperature cannot be evidenced. The crystallization
temperature (7x) is marked by arrows on the DSC traces and
the corresponding values are reported in Table 1. Fe7gSigB14
and (Fe73SigB14)96Nby alloys exhibit two resolved exothermal
reactions. The first peak corresponds to the formation of a-Fe
phase and the second one to the formation of Fe;B phase [11].
Single exothermic peaks due to the crystallization of the glassy
phase were found for (Fe7gSigB14)93Nbs Y3 amorphous alloy in
the temperature range accessible by the DSC7. The Nb addition
to the base alloy increases Tx from 830 to 844 K and a further
addition of Y increases Tx to 948 K for the ribbon and to 925 K
for the ingot.

The magnetization curves of the as-quenched ribbons and
as-cast 1 mm ingot are shown in Fig. 5 for: (a) Fe73SigB14, (b)
(Fe78SigB14)9sNbs and (c) (Fe73SigB14)93Nb4Y3 alloys. The
measurements were performed with a maximum applied field of
15 kQOe. The saturation magnetization (Ms), coercive field (Hc)
and magnetic susceptibility (xn) of ribbons and as-cast ingots
are presented in Table 2. The addition of Nb and Y decreases
Mg values of the fully amorphous ribbons. Such a decrease

Table 2
Magnetic properties of Fe7gSigBi4, (Fe73SigB14)9sNbs and (Fe;gSigBi4)93-
Nb4Y3 alloys

Alloy composition Ribbon CM ingot (1 mm)
Ms (emug™)
FC7gSi8B14 159 165
(Fe73SigB14)96Nba 147 180
(FC7gSigB14)93Nb4Y3 116 137
Hc (Oe)
Fe75SisB 14 1.1 21
(Fe7gSigB14)96Nby 0.7 79
(Fe73SigB14)93Nbs Y3 0.7 20
am (emug™! Oe™1)
Fe73SigB14 0.98 0.13
(FC7gSi8B14)9()Nb4 2.00 0.18
(Fe73SigB14)93Nbs Y3 1.20 0.21

Mg, saturation magnetization; Hc, coercive field; v, magnetic susceptibility.
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Fig. 5. Magnetization curves of as-cast ingot and as-quenched ribbon: (a)
Fe73SigB14, (b) (Fe7gSigB14)o6Nby and (c) (Fe73SigB14)93NbsY3.

can be explained by the presence of non-magnetic atoms inside
the glassy phase, which changes the magnetic response of the
matrix. In the case of the as-cast ingot, Mg changes are explained
according to the concentration of bce-Fe inside the ingot. For
both ribbons and ingots, only the double addition of Nb and Y
causes important decrease of Ms. Single Nb addition does not
change significantly Ms values. Typical magnetically soft Hc
values were obtained for ribbons of all compositions and slight
decreases were observed when Nb and Y are added. Comparing
the coercive fields of each ribbon with the respective ingot, a sig-
nificant raise is noted for the last one. Such a raise is due to the
presence of crystalline a-Fe and borides mixture, in agreement
with the measured XRD patterns. In the particular case of Nb
addition, the raise is more pronounced and it is believed that Nb
atoms exert large stress in the crystalline phase [12]. Comparing
the magnetic susceptibility of the ribbon and the as-cast ingot,
in all cases the ribbons exhibit larger values, which is explained
by the higher cooling rates assured in the ribbons preparation
technique.

4. Conclusions

The effect of small additions of Nb and Y on glass forma-
tion of the ternary Fe;gSigB14 alloy has been examined. Fully
amorphous ribbons were obtained by rapid solidification. Par-
tially glassy 1 mm ingots were obtained by adding 4 at.% Nb
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and 3at.% Y, as confirmed by XRD and DSC measurements.
The high temperature DSC analysis showed that the addition
of Nb and Y lowers the melting temperature and increases the
undercooled liquid region of the alloys.

The magnetic measurements indicate a soft magnetic behav-
ior for the as-cast ribbons. The saturation magnetization of the
as-cast ribbons decreases with the addition of Nb and Y due
to the presence of non-magnetic atoms inside the amorphous
phase. The presence of boride crystals embedded in the amor-
phous matrix in 1 mm ingot of (Fe7gSigB14)93NbsY3 appears
strongly detrimental for the soft magnetic properties.
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