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The glass-forming ability of (FexCoyBzCu)80Si3Al5Ga2P10 with x55 – 70,y50 – 63,z55 – 12, and
u50 – 5 amorphous alloys has been analyzed in terms of the width of the supercooled liquid region,
the reduced glass transition temperature, and the Vogel–Fulcher–Tammann parameters. Substitution
of Fe by Co slightly decreases the glass-forming ability of the studied alloys. The value of the
fragility parameterm is discussed in the frame of the general classification scheme of glass-forming
liquids. The crystalline phases formed during the first crystallization step are identified. Magnetic
moment at low and room temperature, Curie temperature, room temperature magnetostriction, and
coercivity decrease with increasing Co content. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1494848#

I. INTRODUCTION

The development of amorphous soft magnetic materials
with a wide supercooled liquid region before crystallization
has become an important research topic in recent years.1,2

The decrease of the critical cooling rate for glass formation
enables the fabrication of bulk amorphous alloys by conven-
tional casting processes and the existence of a wide super-
cooled liquid region allows for measurements of the thermo-
physical properties of the undercooled metallic liquid in a
broad time and temperature range.3,4

The glass-forming ability~GFA! of amorphous alloys
can be characterized by their critical cooling rate, but this
parameter is usually not easy to measure and several other
parameters have been used to predict the glass-forming abil-
ity of metallic glasses. One of the most widely used is the
width of the supercooled liquid regionDTx(5Tx2Tg),
whereTg is the glass transition temperature andTx the onset
temperature of crystallization of the amorphous alloy. Inoue
and Zhang5 have stated a close relation betweenDTx and
GFA for a wide variety of bulk glassy alloys: the larger the
width of the supercooled liquid region, the lower the critical
cooling rate. However, the importance of a chemical decom-
position process in the undercooled liquid should be stressed
as a key parameter for very good GFA.6 The existence of
phase separation in the undercooled liquid state was used to
explain the disparity between GFA and thermal stability in
the alloy series ZrTiCuNiBe.7

Based on theoretical work on crystal nucleation in un-
dercooled liquid metals, Turnbull8 proposed that the glass-
forming ability should increase with increasing reduced glass
transition temperatureTrg defined asTrg5Tg /Tl ~Tl is liqui-

dus temperature!. This correlation has been confirmed in
many experiments~see Ref. 9 for a summary!.

The study of glass transition kinetics can provide
complementary information about the glass-forming ability
of the amorphous alloys. It has been found that alloys with
high GFA, i.e., low critical cooling rate for glass formation,
are stronger metallic glass formers in the ‘‘Angell plot’’10

than thermally less stable metallic liquids.11 There is only
one work about the kinetics of the glass transition of Fe-
based alloys with good glass-forming ability.12

Amorphous FeSiAlGaPCB alloys are known to have in-
teresting soft magnetic properties combined with good glass-
forming ability, promising the formation of bulk soft mag-
netic materials.1,2 The replacement of iron by other transition
metals may further improve these alloys. In this article, the
effect of the substitution of Fe by Co on the glass-forming
ability and the soft magnetic properties of amorphous
(FexCoyBzCu)80Si3Al5Ga2P10 with x55 – 70, y50 – 63, z
55 – 12, andu50 – 5 alloys is reported. The dependence of
the glass transition temperature on the heating rate is ana-
lyzed in terms of the Vogel–Fulcher–Tammann~VFT! equa-
tion, and the value of the fragility parameterm is discussed
in the framework of the general classification scheme of
glass-forming liquids.10,13The characterization of the crystal-
line phases formed in the course of the devitrification process
was done by means of x-ray diffraction~XRD! measure-
ments.

II. EXPERIMENT

Multicomponent alloys with compositions
(FexCoyBzCu)80Si3Al5Ga2P10 ~Table I! were prepared by arc
melting under argon atmosphere. Raw materials of high pu-
rity were used; metals: 99.99%, FeC and FeB: 99.5%, and
FeP: 97.5%. From these alloys, 10 mm wide and 25mm
thick ribbons were prepared by single-roller melt spinning.

a!Author to whom correspondence should be addressed; electronic mail:
conde@us.es
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The samples were proven to be fully amorphous in the as-
spun state by XRD measurements. The XRD patterns were
recorded at room temperature using a Philips PW 1820 dif-
fractometer with CoKa radiation. The values of the onset
glass transition temperatureTg , the onset crystallization
temperatureTx , and the crystallization peak temperatureTp

were determined by differential scanning calorimetry~DSC!.
The onset glass transition was defined as the point of inter-
section between the linearly extrapolated curve below the
transition with the steepest tangent of the rise in heat flow
signal.14 The experiments were performed with a Perkin–
Elmer DSC-7 under a continuous argon flow at different
heating rates ranging from 2.5 to 160 K/min. The melting
behavior was studied with a Netzsch 404 DSC calorimeter at
a heating rate of 20 K/min. The liquidus temperatureTl was
determined as the inflection point of the last endotherm of
the heating curve~high temperature side!.

The magnetization as a function of the temperature
M (T) was measured with a Faraday magnetometer in a field
of 460 kA m21. The Curie temperatureTC was determined
from M (T) curves, fitting the data nearTC to a critical law
of the formM (T)}(T2TC)b with b50.36, and extrapolat-
ing to M50.

The coercive fieldHC and the saturation magnetostric-
tion constantls were measured at room temperature by a
Förster Koerzimat and by the small-angle rotation method
after Narita15 at 15 kA m21, respectively. The saturation po-
larization Js at room temperature was measured with a vi-
brating sample magnetometer, using a maximum field
strength of 1500 kA m21 and at 10 K with a superconducting
quantum interference device magnetometer using an applied
magnetic field of 4 MA m21.

III. RESULTS AND DISCUSSION

A. Glass-forming ability and crystallization behavior

Figure 1 shows the DSC curves for the as-quenched al-
loys at a heating rate of 20 K/min. All curves exhibit the
endothermic event characteristics of the glass transition, fol-
lowed by a supercooled liquid region and several exothermic
crystallization peaks at higher temperatures. Below the glass
transition a wide exothermic event can be observed for all
the alloys, which is due to structural relaxation. As shown in
Fig. 1 a wide supercooled liquid region can be found for all

the compositions. The thermal stability of the amorphous
alloys does not show a monotonic dependence on Co con-
tent: Tx is not affected by Co substitution up to about 26
at. % Co and shows a small increase of about 20 K for sub-
stitution of more than 52 at. % Co~Table I!. It should be
noted that the changes in the B and C content~keeping the
total metalloid content constant! may also affect this behav-
ior. However, a similar tendency was found for
Fe73.52xCoxSi15.5B7Cu1Nb3 alloys where the B content was
kept constant.16 The glass transition temperature increases
monotonically as the Co content increases~see Table I!.
Therefore, the width of the supercooled liquid regionDTx

slightly increases from 38 to 54 K as the Fe content of the
alloy increases.

The melting curves of all the alloys at a heating rate of
20 K/min are shown in Fig. 2. The curve corresponding to
the Co-free alloy~alloy A! exhibits a sharp single melting
event, indicative of a eutectic composition. The alloys with
the lowest~alloy B! and highest Co content~alloy F! exhibit
a melting behavior very near to a eutectic point while the

FIG. 1. DSC curves of the as-quenched alloys at a heating rate of 20 K/min.

TABLE I. Glass transition temperatureTg , crystallization onset temperatureTx , and liquidus temperatureTl at
20 K/min and Curie temperatureTC of (FexCoyBzCu)80Si3Al5Ga2P10 alloys.

Alloy A B C D E F

x 70 56 43 29 17 5
y 0 14 26 40 52 63
z 5 6 8 9 10 12
u 5 4 3 2 1 0

Tg(K) 65 755 760 762 764 782 790
Tx(K) 61 809 808 808 812 828 828
Tl(K) 65 1280 1300 1330 1330 1320 1340
Structures eutectic near-

eutectic
off-

eutectic
off-

eutectic
off-

eutectic
near-

eutectic
TC(K) 63 568 554 526 463 373 328
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curves corresponding to the alloys with intermediate compo-
sitions ~alloys C, D, and E! display two clear melting peaks
indicating that they are off eutectic. According to Turnbull’s
analysis,8 a liquid with Trg>2/3 can only crystallize within a
very narrow temperature range, thus can be easily under-
cooled at a low cooling rate to the glass state. The calculated
values ofTrg , ranging from 0.57 to 0.59, are lower than but
close to 2/3, reflecting the good glass-forming ability of the
present alloys.

The crystallization of the samples occurs in several
stages~Fig. 1!. The apparent activation energyEa , the fre-
quency factorZ, and the rate constant of the crystallization
process Kcr can be evaluated by using the Kissinger
method.17 The dependence of the peak temperatureTp on the
heating rateb is described by

b/Tp
25~ZkB /Ea!exp~2Ea /kBTp!, ~1!

where kB is the Boltzman constant and the crystallization
rate constant is determined from an Arrhenius law

Kcr~T!5Z exp~2Ea /kBT!. ~2!

The values of the apparent activation energy and the
frequency factor found for the first crystallization stage of
the studied alloys rise in the same order as the crystallization
onset temperature~Table II!. The frequency factorZ can be
considered as a measure of the probability that an atom hav-
ing energyEa participates in a crystallization reaction.17 The
high variation inZ between the alloys with the lowest and
the highest Co content could be explained from differences
in the crystallization process, i.e., the appearance of new
crystalline phases, as will be reported below. Big differences

in the value ofZ have been also reported for other alloys
systems. As an example, in Zr41Ti14Cu12.5Ni102xFexBe22.5

~x50, 2, and 5! alloys18 a substitution of only 5 at. % of Ni
by Fe causes a difference inEa of 0.8 eV and inZ of 6 orders
of magnitude. A correlation between the value of the rate
constant and the width of the supercooled liquid region was
found in ZrTiCuNiFeBe~Ref. 18! and FeNbAlGaPCB~Ref.
12! amorphous alloys: the smallerKcr , the largerDTx . The
opposite tendency is found in the present alloys, for which
the rate constant evaluated at the peak temperatureTp at 20
K/min decreases with increasing Co content, in the same
order asDTx ~Table II!.

The study of the relaxation dynamics of supercooled liq-
uids can be discussed in terms of the fragility, which is the
degree of departure from an Arrhenius law of the tempera-
ture dependence of a characteristic relaxation time.13 The
fragility concept is used as the basis for a classification of
liquids, to estimate the sensitivity of the liquid structure to
temperature changes.10 Since viscosity relaxation and the
glass transition measured by calorimetric methods occur on
the same time scale, the heating rate dependence of the glass
transition can be used as a way to determine the fragility of
the material.11

Prior to the DSC measurements the samples were fully
relaxed, as complete relaxation leads to a state that is equiva-
lent to a supercooled liquid,11 and which is, therefore, inde-
pendent of the history of the sample. The conditions of the
thermal treatment were chosen in order to get the lowest
coercive field: the samples were isothermally annealed at
733 K ~alloys A, B, C, and D!, 743 K ~alloy E!, and 773 K
~alloy F! for 30 min.

With increasing heating rate, the glass transition tem-
perature shifts to higher temperatures. As an example Fig. 3
shows the curves corresponding to the
Fe70B5C5Si3Al5Ga2P10 alloy ~alloy A!. The dependence of
Tg on the heating rateb given by the VFT equation can be
written in the form14

b~Tg!5B expbDTg
0/~Tg

02Tg!c, ~3!

where Tg
0 is the asymptotic value ofTg , usually approxi-

mated as the onset of the glass transition in the limit of
infinitely slow cooling and heating rate,B has the dimension
of a heating rate, andD is the strength parameter.

The fitting of the experimental data was performed using
the equation

ln b~Tg!5 ln B2
DTg

0

~Tg2Tg
0!

, ~4!

FIG. 2. Melting curves of all the alloys at a heating rate of 20 K/min.

TABLE II. Kissinger parameters. The rate constantKcr was evaluated atT5Tp at 20 K/min.

Alloy A B C D E F

Ea(eV) 5.4~2! 5.4~2! 5.5~2! 6.0~2! 6.4~2! 7.1~2!
Z(s21) 1(3)31032 1(3)31032 4(3)31032 5(5)31035 1(6)31037 3(9)31041

Kcr(s
21) 4(2)31022 4(2)31022 4(2)31022 7(2)31023 2(2)31023 1(2)31023

2075J. Appl. Phys., Vol. 92, No. 4, 15 August 2002 Borrego et al.
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with three adjustable VFT parameters:B, D, and Tg
0. The

calculated values are given in Table III and the best fits are
shown by lines in Fig. 4.

The fragility can be quantified by the strength parameter
D in Eq. ~3!, or by the fragility parameter defined as19

m5
d log10̂ t&
d~Tg /T!

U
T5Tg

, ~5!

whereT is the temperature,Tg the glass transition, and̂t& is
the average relaxation time. From the VFT fits the fragility
parameter at a particularTg can be calculated from13

m5
DTg

0Tg

~Tg2Tg
0!2ln 10

. ~6!

The larger the deviation from an Arrhenius behavior, the
larger the value ofm. The fragility index can be used to
classify glass-forming liquids into three general categories:
strong, intermediate, and fragile.10 Strong liquids with ap-
proximately Arrhenius temperature dependence of relaxation
times have values ofm lower than 30 with an estimated
lower limit of m'16. In contrast, fragile liquids such as
polymers and ionic melts display values ofm above 100.

It should be noted that although the uncertainty of the
values of the parametersTg

0, B, and D is quite high ~also
pointed out in Ref. 20!, changes in the value ofTg

0 result in

changes inD that keep the value ofm reasonably constant.
The obtained values ofD are close to those found for FeN-
bAlGaPCB alloys.12 The increase of the lower limit for the
glass transitionTg

0 and the decrease of the strength parameter
D with increasing Co content point in the same direction as
the decrease in the width of the supercooled liquid region.
The fragility parameterm, evaluated atTg corresponding to a
heating rate of 20 K/min, was found to be around 35 for
alloys A, B, C, D, and E, and about 63 for the alloy with the
highest Co content~alloy F!. This result indicates that these
alloys lie in the intermediate category according to Angell’s
classification scheme, i.e., between the strong and the fragile
extremes. A fragilitym of about 35 would suggest a very
good glass-forming ability, a finding that it is corroborated
by the fact that Fe–~Al, Ga!–~P, C, B, Si! bulk glassy
samples with thickness of 1–15 mm have been obtained.1

Similar values ofm have been found in several multicompo-
nent amorphous systems such as ZrTiCuNiBe and MgCuY
alloys,21 which are reported to be excellent metallic glass
formers.22,23A fragility value of about 60 for the Co richest
alloy indicates a lower glass-forming ability for this alloy.

In order to clarify the reason for the good glass-forming
ability of these alloys, the crystalline phases formed in the
first crystallization stage were analyzed. Figure 5 shows the
XRD patterns corresponding to samples of all the alloys an-
nealed at 800 K for 1 h. The annealed samples A, B, C, and
D present the same crystalline phases:~i! a bcc Fe solid
solution containing Co and M, where M stands for P, C, Al,
B, and Ga elements, with a lattice parameter that decreases
as the Fe content of the amorphous alloy decreases, indicat-
ing changes in the composition~a50.2868 nm alloy A,a
50.2857 nm alloy B; a50.2853 nm alloy C, anda
50.2852 nm alloy D!; ~ii ! a phase with a Ni3P-like tetrago-
nal structure~space group:I 4! and lattice parametersa
50.893 nm andc50.441 nm~Ref. 24! and a composition
close to Fe3(M), and ~iii ! a phase with an Fe3(NiN) 2-like
cubic structure~space groupPm3m!, with a lattice param-
eter of about 0.378 nm~Ref. 24! and a composition close to
Fe3(M) 2-like cubic structure. The last two phases were pre-
viously found in alloys with similar compositions.25 The si-
multaneous crystallization of these three phases causes the
crystallization to be retarded, and thus promote a wide su-
percooled liquid region. The slightly higher crystallization

FIG. 3. DSC curves for the alloy Fe70B5C5Si3Al5Ga2P10 at different heating
rates. The arrows indicateTg .

FIG. 4. Glass transition temperature as a function of the heating rateb and
VFT fit of the data@Eq. ~4!#.

TABLE III. Vogel–Fulcher–Tammann parameters for the best fit of the
DSC data according to Eq.~4!.

Alloy
ln B ~K/s!

62
D

62.0
Tg

0 ~K!
630

Tg /Tg
0

60.1
m

610

A 13 3.2 620 1.2 34
B 10 1.6 660 1.2 35
C 8 1.3 670 1.1 35
D 7 1.1 680 1.1 35
E 6 0.8 710 1.1 37
F 5 0.5 745 1.1 63
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temperature of the Co-richest alloys~E and F! might be due
to the appearance of new Co-rich phases: a phase Co2M with
an orthorhombic structure~space groupPnam! with lattice
parametersa50.565 nm; b50.660 nm, andc50.351 nm
~Ref. 24! is found in the two alloys; and~v! a phase M5Co2

in alloy F.24 However, this increase inTx in alloys E and F is
accompanied by an increase inTg resulting in a final de-
crease of the width of the supercooled liquid region.

B. Magnetic properties

The saturation magnetization at 300 and 10 K of as-cast
samples shows a linear dependence on the Fe content@Fig.
6~a!# which reflects the substitution of Fe by Co moments.
Similar results are obtained for Co752xFexSi15B10 amorphous
alloys.26 The average magnetic moment per magnetic atom
^m& decreases from 1.8 to 0.7mB as the Fe content decreases
@Fig. 6~b!#. These values are much lower than those reported
for crystalline FeCo alloys27 and amorphous FeCoSiB
alloys28 with lower metalloid concentration~;20 at. %!. The
low values of^m& can be attributed to the decrease of the
number of nearest-neighbor magnetic atoms.29 Similar re-
sults are found for alloys with metalloid content close to 30
at. %.29,30

The Curie temperatureTC of the as-quenched alloys de-
creases monotonically as the Co content in the alloy in-
creases~Table I!. This result can be mainly ascribed to the
decrease of the exchange interaction between Co–Co pairs
provoked by the presence of metalloid atoms.29 The Curie
temperature and the coercive field are affected by structural
relaxation processes:31 TC increases as the annealing tem-
perature increases andHC decreases monotonically as the
relaxation progresses. The lowest coercivity,HC(min), ob-
tained after annealing the samples for 30 min at temperatures
between 713 and 733 K, decreases as the Co and B content

of the alloy increases@Fig. 6~c!#. This dependence correlates
well with that observed for the saturation magnetostriction
@Fig. 6~d!#.

IV. CONCLUSIONS

The GFA of (FexCoyBzCu)80Si3Al5Ga2P10 amorphous
alloys has been analyzed in terms of different parameters,
such as the width of the supercooled liquid region, the re-
duced glass transition temperature, and the VFT fitting pa-
rameters. Substitution of Fe by Co slightly decreases the
GFA. The value of the fragility parameterm indicates that
these alloys lie in the intermediate category according to An-
gell’s classification scheme, i.e., between the strong and the
fragile extremes. Curie temperature, saturation magnetiza-
tion, coercivity, and magnetostriction decrease as the Co con-
tent increases, the last reaching a nearly zero value.
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