
I
F
o

M
a

b

a

A
R
R
A
A

P
7
7
6
7
7
6
6

K
F
A
T
a
M
H
M
X
M

1

p
l
m
a
p
s

t
i

0
d

Journal of Alloys and Compounds 509 (2011) 3382–3386

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

nvestigation of the thermal and magnetic properties of Fe61Co10Zr2

e61Co10Zr2.5Hf2.5Me2W2B20 (Me = Y, Nb, W, Ti, Mo, Ni) bulk amorphous alloys
btained by an induction suction method
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a b s t r a c t

The microstructure, magnetic properties and thermal stability of Fe61Co10Zr2.5Hf2.5Me2W2B20 (Me = Y,
Nb, W, Ti, Mo, Ni) alloys were investigated. The samples were obtained by an induction suction method
as 0.5 mm thickness plates. The microstructure was examined using X-ray diffraction and Mössbauer
spectroscopy. It was shown that the investigated samples have amorphous structure throughout the vol-
umes of the samples. The magnetic properties were measured using a Vibrating Sample Magnetometer.
The investigated alloys are soft magnetic materials with low coercivity field (from 5.8 A/m to 54 A/m)
and high saturation of the magnetization (from 0.87 T to 1.26 T). The studies of thermal stability were
performed using a differential scanning calorimeter. It was shown that the addition of respective atoms
led to changes of Curie temperature in the range from 497 to 587 K, depending on the composition of the
alloys.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent years large quantity of data has been published about
roduction methods of bulk metallic glasses (BMG). The most popu-

ar methods are suction casting [1,2] and injection casting [3]. These
ethods are (respectively) based on suction or injection of a liquid

lloy onto a water-cooled copper mould. The cooling speed in com-
arison to the classical melt-spinning method is much slower, what

ignificantly limits the production possibilities for BMGs.

A great breakthrough in requirements for the alloy composi-
ions was made by Inoue, in 1989 [4]. He showed that significant
mprovement of glass forming ability (GFA) can be achieved by pro-

∗ Corresponding author. Tel.: +48 34 3250610; fax: +48 34 3250795.
E-mail address: mdospial@wp.pl (M.J. Dośpiał).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.075
duction of a multicomponent alloy with the addition of large atoms
(atomic radius 12% larger or smaller than the radius of base atoms)
and negative mixing heat among the basic components.

The first BMGs based on iron were produced in 1995 from mix-
tures of Fe–(Nb, Mo)–(Al, Ga)–(P,C, B, Si, Ge) [5]. The bulk metallic
glasses based on iron or cobalt display good mechanical (high
toughness, large density) and soft magnetic properties (high value
of initial permeability, low coercivity field and high magnetization
saturation) [6,7]. These features led to a wide range of applications
for these materials.

Fe61Co10Zr2.5Hf2.5Me2W2B20 (where Me = Y, Nb, W, Ti, Mo,

Ni) amorphous alloys are an interesting group of materials. The
paper discusses one method of their production as well as their
microstructure and magnetic properties. These materials prop-
erties mostly depend on Me addition [8–21]. The appropriate
composition, allow to produce soft ferromagnetic material with

dx.doi.org/10.1016/j.jallcom.2010.12.075
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mdospial@wp.pl
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Fig. 1. X-ray diffraction patterns of (a) Fe61Co10Zr2.5Hf2.5Ni2W2B20, (b) Fe61Co10

Zr2.5Hf2.5Nb2W2B20, (c) Fe61Co10Zr2.5Hf2.5Y2W2B20, (d) Fe61Co10Zr2.5Hf2.5Ti2W2B20,
(e) Fe61Co10Zr2.5Hf2.5Mo2 W2B20, and (f) Fe61Co10Zr2.5Hf2.5W4B20 alloys in the as-
quenched state.

Fig. 2. Transmission Mössbauer spectra and corresponding hyperfine field distributions
g) Me = Y, x = 2; (b and h) Me = Nb, x = 2; (c and i) x = 0; (d and j) Me = Ti, x = 2; (e and k) Me
Compounds 509 (2011) 3382–3386 3383

low coercivity and the relatively high saturation of the magnetiza-
tion. Most of these alloys are also characterized by good functional
properties: high microhardness, corrosion resistance, wide range of
extent of the supercooled liquid region and good thermal stability.

In this work, the microstructure, thermal stability and magnetic
properties of Fe61Co10Zr2.5Hf2.5Me4−xW2B20 (Me = Nb, Mo, Ti, Y, Ni)
bulk amorphous alloys were investigated.

2. Experimental procedure

The bulk amorphous Fe61Co10Zr2.5Hf2.5Me4−xW2B20 (Me = Nb, Mo, Ti, Y, Ni)
alloys were obtained by suction of the liquid alloy onto a water-cooled copper
mould (induction suction method). In order to obtain homogenous material, the
ingots were repeatedly arc-remelted under argon atmosphere in the presence of
an oxygen absorber (liquid, pure Ti). Ingots of the desired alloys were prepared
using high purity elements (Fe, Co, Zr, Hf, Ti, W, Nb, Ni, Mo, Y of over 99.99% purity).
Addition of boron was performed using an alloy with purity above 99.99% with well-
known composition (Fe45.6B54.4). The samples were produced as plates with 0.5 mm
thickness and 1 cm2 area.

The structure of the as cast samples have been investigated using X-ray diffrac-
tion (XRD) and the Mössbauer spectroscopy. The X-ray diffraction patterns were
of the Fe61Co10Zr2.5Hf2.5MexW4−xB20 alloys in the as-quenched state where (a and
= Mo, x = 2; and (f and l) Me = Ni, x = 2.

taken using cobalt source with a moderate wavelength of 1.79021 Å, exposure time
10 s and step angle 0.02◦ . The Mössbauer spectra were recorded using a conven-
tional POLON spectrometer with constant-acceleration and the 57Co of �-ray source
in a rhodium matrix with half-life time of 273 days. The spectrometer was cali-
brated using Fe foil. The alloys for X-ray diffraction and Mössbauer spectroscopy
were ground into powder.
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F e corresponding electronograms (inset) for (a) Fe61Co10Zr2.5Hf2.5Nb2W2B20 and
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Table 2
The magnetic parameters and Curie temperatures measured for all investigated
samples.

Alloy composition HC (A/m) MS (T) TC (K)

Fe61Co10Zr2.5Hf2.5Y2W2B20 26.4 1.12 509
Fe61Co10Zr2.5Hf2.5Nb2W2B20 22 1.06 499
Fe61Co10Zr2.5Hf2.5W4B20 33.5 1.14 497

From magnetic measurements it was found that all investigated
alloys are soft ferromagnetic materials with low coercivity field
ig. 3. Exemplary high resolution TEM images of the structure and th
e61Co10Zr2.5Hf2.5Ti2W2B20 (b) amorphous alloy in the as-quenched state.

The observations of microstructure were also carried out by using the high
esolution transmission electron microscopy (HRTEM) JEOL 3010. The samples for
icrostructure observation were first polished using emery paper and diamond

astes of the gradation from 2 to 0.5 �m with an ethanol as a water free lubricant
nd ion thinned in a GATAN Ion Mill.

The magnetic properties (the coercivity HC, the remanence �0MR and the satura-
ion of the magnetization MS) were measured using a LakeShore VSM magnetometer
f maximum field of 2 T. The Curie temperatures for the all investigated samples
ere derived from thermomagnetic curves obtained using a force magnetometer.

Thermal stability of the investigated alloys was obtained using a differential
canning calorimeter (DSC) with a constant heating rate of 10 K/min. From the DSC
lots several characteristic temperatures including: the glass transition temper-
ture (Tg), the crystallization temperature (Tx), extent of the supercooled liquid
egion (�Tx), the primary crystallization temperature (T1), the secondary crystal-
ization temperature (T2), undercooled temperature (�Tl), the melting temperature
Tm), the liquidus temperature (Tl) [22]. These data were also used to derive several
ther parameters: �Tm = T1 − Tm interval temperature, �Tx = Tx − Tg extent of the
upercooled liquid region, �Tl = Tl − Tx undercooled temperature, Trg = Tg/Tm [23]
educed glass transition temperature, �m = (2Tx − Tg)/Tl modified GFA parameter,
= Tx/(Tg + Tx) [24–26] relative GFA parameter and ı = Tx/(Tl + Tg) [27].

. Results and discussion

For all measured samples, XRD patterns are similar (Fig. 1). The
eficiency of distinct, narrow peaks suggests a lack of crystalline
hase. The presence of wide, diffused maxima around 2� angle of
1◦ is typical for bulk amorphous alloys based on iron.

The Mössbauer spectra were used to confirm the amorphous
tructure of the sample on the basis of previously performed X-ray
iffraction measurements. The Mössbauer spectra for all the mea-
ured samples were asymmetric and consisted of wide, overlapping
ines (Fig. 2a–f) typical for amorphous ferromagnets. Usually the
rst crystalline phase which appears in the Fe–Co based alloys,
uring production process is �-Fe. The hyperfine field induction

or this phase is about 34 T, additionally it is not characterized
y a broad distribution but only a single line (or very narrow
istribution). In the case of the presented spectra it was not possi-
le to fit additional sextet corresponding to the crystalline phase.

able 1
he average hyperfine induction (Beff)am, its standard deviation Dam measured for
ll investigated samples.

Alloy composition (Beff)am (T) Dam (T)

Fe61Co10Zr2.5Hf2.5Y2W2B20 17.53 5.08
Fe61Co10Zr2.5Hf2.5Nb2W2B20 15.70 5.35
Fe61Co10Zr2.5Hf2.5W4B20 16.75 6.01
Fe61Co10Zr2.5Hf2.5Ti2W2B20 15.52 5.08
Fe61Co10Zr2.5Hf2.5Mo2W2B20 15.71 5.09
Fe61Co10Zr2.5Hf2.5Ni2W2B20 19.91 5.11
Fe61Co10Zr2.5Hf2.5Ti2W2B20 54 0.87 510
Fe61Co10Zr2.5Hf2.5Mo2W2B20 5.8 1.05 515
Fe61Co10Zr2.5Hf2.5Ni2W2B20 10.3 1.26 587

From hyperfine magnetic field distributions on Fe sites, it was also
deduced that the most homogenous iron distribution in the volume
of the sample was observed for Fe61Co10Zr2.5Hf2.5Y2W2B20 (Fig. 2g)
and Fe61Co10Zr2.5Hf2.5Mo2W2B20 (Fig. 2k) alloys.

For all of the remaining samples, additional components in the
hyperfine field distribution were observed. The presence of at least
two components suggests regions with different iron concentration
and results from heterogeneous iron distribution in the volume
of the samples. The average hyperfine induction (Beff)am and its
standard deviation Dam are presented in Table 1.

Fig. 3 presents exemplary high resolution TEM pictures of
structure and the corresponding electronograms (inset) made
for Fe61Co10Zr2.5Hf2.5Ni2W2B20 and Fe61Co10Zr2.5Hf2.5Ti2W2B20
amorphous alloys in the as-quenched state. On the presented
images it is not possible to distinguish an areas with periodic
arrangement of atoms. The lack of a point reflections and pres-
ence of broad diffuse rings on electronograms from these areas also
confirm amorphous structure of investigated materials.
(HC) and high magnetization saturation (MS). Figs. 4 and 5 show
deviation of both parameters as a function of alloy composition.

Fig. 4. The dependence of coercivity field as a function of alloy composition in the
as-quenched state.
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Table 3
The thermodynamics and GFA parameters measured for all investigated samples.

Alloy composition Tg (K) Tx (K) Tm (K) T1 (K) �Tm (K) �T (K) �TX (K) Trg (K) �m � ı

Fe61Co10Zr2.5Hf2.5Y2W2B20 792 872 1336 1462 126 590 80 0.59 0.65 0.38 1.30
Fe61Co10Zr2.5Hf2.5Nb2W2B20 788 885 1303 1450 147 565 97 0.60 0.67 0.39 1.33
Fe61Co10Zr2.5Hf2.5W4B20 813 871 1367 1493 126 680 58 0.59 0.62 0.35 1.31
Fe61Co10Zr2.5Hf2.5Ti2W2B20 794 859 1331 1488 157 694 65 0.59 0.62 0.37 1.24
Fe61Co10Zr2.5Hf2.5Mo2W2B20 790 838 1312 1462 150 624 48 0.60 0.60 0.37 1.24
Fe61Co10Zr2.5Hf2.5Ni2W2B 771 840 1316 1494 178 654 69 0.58 0.60 0.37 1.16

Fig. 5. The dependence of magnetization saturation as a function of alloy composi-
tion in the as-quenched state.
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ig. 6. Saturation of the polarization curves as a function of applied temperature
nd corresponding temperature dependencies of saturation of the polarization in
/ˇ power (inset) for all investigated alloys in the as-quenched state.

The thermomagnetic curves �0MS(T) were measured using a
(1/ˇ)
orce magnetometer. The relation [�0MS(T)] (where ˇ = 0.36 is

he critical exponent in equation �0MS = �0M0 × (1 − T/TC)ˇ) was
sed to derive Curie temperature (TC) for the Heisenberg ferromag-
et (Fig. 6) [28]. All magnetic parameters are presented in Table 2.

ig. 7. The dependence of Curie temperature as a function of alloy composition in
he as-quenched state.
Fig. 8. DSC plots measured with constant temperature step in the range from 400
to 1000 K for as-quenched Fe61Co10Zr2.5Hf2.5MexW4−xB20 alloy Me = Y (a), Nb (b), W
(c), Ti (d), Mo (e) and Ni (f).

For all measured samples, Fe61Co10Zr2.5Hf2.5Mo2W2B20,
Fe61Co10Zr2.5Hf2.5Ni2W2B20 displayed the best soft magnetic
properties, respectively: coercivity HC = 8 or 10 A/m and saturation
of the magnetization MS = 1 or 1.25 T. Both samples also had good
thermal stability of ferromagnetic state, resulting from high Curie
temperatures TC = 515 K for Mo and TC = 587 K for Ni addition
(Fig. 7).

The DSC plots presented in Fig. 8 were used to obtain character-
istic temperatures. All these parameters were used to determine
thermal stability of the investigated alloys and are listed in Table 3.

All investigated alloys displayed high values of reduced glass
transition temperature, modified and relative GFA parameters as
well as ı parameter resulting from good glass-forming ability. The
best glass formability was displayed by alloys with Nb or Y addition
what result from highest values of parameters like, respectively
Trg = 0.60 and 0.59, �m = 0.67 and 0.65, � = 0.39 and 0.38 or ı = 1.33
and 1.30. The �Tx parameter for these alloys indicates that super-
cooled liquid can exist in a broad temperature range 97 (for Nb)
and 80 K (for Y addition) without crystallization.

4. Conclusions

The X-ray diffractometry and Mössbauer spectroscopy showed
that suction-casting method allow to obtain bulk samples in the
form of plates with fully amorphous structure.

Studies of the influence of selected alloying elements (Me = Y,
Nb, W, Ti, Mo and Ni) on the glass formation ability, thermal
stability and magnetic properties of Fe61Co10Zr2.5Hf2.5Me2W2B20
amorphous alloys were performed.

For alloys where 2% of W was substituted by Y or Nb the highest
crystallization temperature and the widest range of the super-
cooled liquid region were observed. The extend of supercooled

liquid region for these alloys was equal respectively 80 K and 97 K,
what was about 30 K higher then in the remaining alloys. These
results show that the Nb and Y significantly improve the glass for-
mation ability and delay the crystallization process of Fe–Co–Me–B
type amorphous alloys. In turn, replacing of non-ferromagnetic W
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n the ferromagnetic Ni raises the saturation of the magnetization
or even a few tenths of Tesla’s and the Curie temperature by tens
f K in comparison to the remaining alloys. The magnetic inter-
ctions between Fe and Co atoms are weakened by additions of
onferromagnetic elements Me = Ti, Nb, Mo, Y, W.

Fe61Co10Zr2.5Hf2.5Me2W2B20 (Me = Ti, Nb, Ni, Mo, Y, W) alloys
ue to the fairly good electrical characteristics may in future be used
s a soft-ferromagnetic parts of transformer cores and medium
ower reactors operating at elevated temperatures and hard envi-
onmental conditions.
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