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The kinetics of the glass transition and the crystallization process of Co622xFexNb6Zr2B30

(x50,16) amorphous alloys with large supercooled liquid region was investigated by differential
scanning calorimetry. The dependence of the glass transition on the heating rate was analyzed in
terms of the Vogel–Fulcher–Tamman equation. The glass-forming ability of these alloys is
discussed with respect to the width of the supercooled liquid region, the reduced glass transition
temperature, and the fragility parameter. The studied alloys are found to be rather strong glass
formers. The crystalline phases formed after the devitrification are identified by means of x-ray
diffraction and thermomagnetic measurements. The complicated crystallization process requiring
long-range atomic rearrangements seems to contribute to the high stability of the supercooled liquid
against crystallization. ©2002 American Institute of Physics.@DOI: 10.1063/1.1518768#

I. INTRODUCTION

The development of Fe- and Co-based amorphous soft
magnetic materials with low critical cooling rate for glass
formation and a wide supercooled liquid region before crys-
tallization has become an important research topic in recent
years.1,2 Besides their technological importance due to the
combination of high glass-forming ability and good soft
magnetic properties, such alloys are excellent materials to
study the dynamic behavior of supercooled metallic liquids.
Fe–Co–M–B ~M5Zr,Hf,Nb,Ta! alloys can be considered as
one of the most important systems in which Fe-based bulk
glassy alloys with good soft magnetic properties are
obtained.3,4 The increase in B content up to 30 at. % in
~Fe,Co!–~Nb,Zr!–B amorphous alloys causes a large exten-
sio of the supercooled liquid region before crystallization5,6

making these alloys especially suitable for the study of the
kinetics of the glass transition. The kinetic nature of the glass
transition provides a means of analyzing the dynamic
changes in the supercooled liquid state from the heating rate
dependence of the glass transition and therefore, can provide
complementary information about the glass-forming ability
of the studied systems. It has been reported that alloys with
high glass-forming ability, that is, low critical cooling rate
for glass formation, are stronger metallic glass formers in the
Angell plot7 than less thermally stable metallic liquids.8

In this article, the effect of Fe addition on the glass-
forming ability of Co622xFexNb6Zr2B30 (x50, 15! alloys is
discussed in terms of several parameters: the width of the
supercooled liquid region, the reduced glass transition tem-
perature and the fragility parameter. The dependence of the

glass transition temperature on the heating rate is analyzed in
terms of the Vogel–Fulcher–Tanamann~VFT! equation, and
the value of the fragility parameter is discussed in the frame
of the general classification scheme of glass-forming
liquids.7,9 The characterization of the crystalline phases
formed after the first crystallization step was made by means
of x-ray diffraction and thermomagnetic measurements.

II. EXPERIMENTAL PROCEDURE

Multicomponent Co622xFexNb6Zr2B30 (x50, 16! alloys
ingots were prepared from high purity elements by arc-
melting under argon atmosphere. From these pre-alloys, 10-
mm-wide and 25-mm-thick ribbons were prepared by the
single-roller melt-spinning technique. The samples were
proven to be fully amorphous in the as-quenched state by
x-ray diffraction ~XRD! measurements. X-ray diffraction
patterns were recorded at room temperature using a Philips
PW 1820 diffractometer with Co Ka radiation. The values of
the onset glass transition temperatureTg , the onset crystal-
lization temperatureTx , and the crystallization peak tem-
peratureTp , were determined by differential scanning calo-
rimetry ~DSC!. The onset glass transition was defined as the
point of intersection between the linearly extrapolated curve
below the transition with the steepest tangent of the rise in
heat flow signal.10 The experiments were performed with a
Perkin-Elmer DSC-7 calorimeter under a continuous argon
flow at different heating rates ranging from 0.02 to 2.67 K/s.
The crystallization and melting behavior study up to 1700 K
was carried out using a Netzsch 404 DSC equipment at a
heating rate of 0.17 K/s~10 K/min!. The liquidus tempera-
ture Tl was determined as the inflection point of the last
endotherm of the heating curve~high temperature side!.a!Electronic mail: conde@us.es
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The magnetization as a function of the temperature
M (T), was measured with a Faraday magnetometer in a field
of 460 kA m21. Values of the Curie temperatureTC, of the
amorphous and crystalline phases were determined by the
intersection point of the steepest tangent to theM (T) curve
with the T axis or with the magnetization curve extrapolated
down temperaturesT,TC, respectively.

The coercive fieldHc , and the saturation magnetostric-
tion constantls , were measured at room temperature with a
Förster Koerzimat and by the small-angle rotation method
after Naritaet al.11 at 15 kA m21, respectively. The satura-
tion magnetization at room temperature was measured with a
vibrating sample magnetometer, using a maximum field
strength of 1500 kA m21.

III. RESULTS AND DISCUSSION

The constant-rate heating differential scanning calorim-
etry curves for the Co62xFexNb6Zr2B30 (x50,16) as-
quenched alloys recorded at a heating rate of 0.17 K/s are
shown in Fig. 1. A distinct glass transition, followed by a
large supercooled liquid region, is observed in the tempera-
ture range prior to crystallization. Previous to the glass tran-
sition, a broad exothermic event can be observed for the two
alloys due to structural relaxation. The crystallization process
of the Fe-free alloy is evidenced by two main exothermic
peaks, while only one significant peak is observed in the
alloy containing 16 at. % Fe. TheTg value of about 900 K
for the alloy withx50, decreases with the substitution of Co
by Fe down to a value of 892 K. On the contrary, the crys-
tallization onset temperature of the alloy withx516 is about

30 K higher than that of the alloy withx50 ~see Table I!. As
a result, the width of the supercooled liquid region estimated
from the glass transition onset temperature and the crystalli-
zation onset temperature asDTx(5Tx2Tg), increases from
50 K for the alloy withx50, to 88 K for x516. The wide
supercooled liquid region of these multicomponent alloys
makes them especially interesting for studying the kinetic
behavior of the supercooled liquid.

The inset in Fig. 1 shows the melting behavior of the two
alloys as observed by DSC measurements taken at a heating
rate of 0.17 K/s. The curve corresponding to the Fe-free alloy
exhibits a sharp single melting event indicative of an eutectic
composition, while the curve corresponding to the alloy with
x516 exhibits a melting behavior very near to the eutectic
point. The reduced glass transition temperature of these al-
loys, Trg , was determined using the relationTg /Tl (Tl , li-
quidus temperature! since it was found thatTrg defined in
this way shows a stronger correlation with the critical cool-
ing rate for glass formation thanTg /Tm (Tm, solidus
temperature!.12 According to Turnbull’s analysis,13 a liquid
with Trg>2/3 can only crystallize within a very narrow tem-
perature range, and thus can be easily undercooled at a low
cooling rate into the glassy state. The calculated value ofTrg

of about 0.63 for both alloys~Table I!, that is, close to 2/3,
indicates that these systems can be easily undercooled at low
cooling rate into a glass.

The crystallization kinetics of the first crystallization
step has been analyzed by using Kissinger’s equation14

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

where b is the heating rate,Tp is the crystallization peak
temperature,Z is the frequency factor,kB the Boltzmann
constant andEa the apparent activation energy. The Kiss-
inger plots and the crystallization rate constant,Kcr , deter-
mined from the Arrhenius law

Kcr~Tp!5Z exp~2Ea /kBTp!, ~2!

are shown in Fig. 2. As expected, the values of the apparent
activation energy and the frequency factor of the first crys-
tallization stage rise in the same order as the crystallization
onset temperature~see Table I!. The rate constant is smaller
for the alloy with the larger supercooled liquid region, simi-
lar as it was found for ZrTiCuNiFeBe15 and
FeNbAlGaPCB16 metallic glasses with different composi-
tions. The opposite tendency was reported for
FeCoAlGaPCB alloys,17 for which the partial replacement of
Co by Fe causes a decrease ofKcr andDTx .

The dependence of the glass transition temperature on
the heating rateb was evaluated in terms of the Vogel–
Fulcher–Tamman~VFT! equation written in the form10

FIG. 1. DSC curves for as-quenched samples of Co622xFexNb6Zr2B30

(x50,16) alloys at a heating rate of 0.17 K/s. The inset shows the melting
behavior recorded at the same heating rate.

TABLE I. Glass transition temperatureTg , crystallization onset temperatureTx , liquidus temperatureTl ,
equilibrium solidification structure, activation energyEa , and frequency factorZ of the first crystallization step
for Co622xFexNb6Zr2B30 (x50,16) amorphous alloys~heating rate 0.17 K/s!.

x Tg(K) Tx(K) Tl(K) Tg /Tl Structures Ea(eV) Z(s21)

0 90065 95061 143665 0.6360.01 Eutectic 5.2602 231025

16 89265 98061 142065 0.6360.01 Near-eutectic 6.160.2 431029

6608 J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 Borrego et al.
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b~Tg!5B exp@DTg
0/~Tg

02Tg!#, ~3!

whereTg
0 is the asymptotic value ofTg usually approximated

as the onset of the glass transition within the limit of infi-
nitely slow cooling and heating rate,B has the dimension of
a heating rate andD is the strength parameter.

Figure 3 shows the DSC traces of the glass transition
region of the studied alloys at heating rates from 0.02 to 2.67
K/s. Prior to the DSC scan, the as-quenched samples were
preheated to aboveTg and cooled to room temperature at
0.67 K/s, in order to achieve a relaxed glassy state for all the
samples. The fitting of the experimental data was performed
by the equation

ln b~Tg!5 ln B2
DTg

0

~Tg2Tg
0!

~4!

with three adjustable VFT parameters:B, D, and Tg
0. The

calculated values are given in Table II and the best fits are
shown by lines in Fig. 4~a!. In order to compare the tempera-
ture dependence of the inverse heating rate 1/b, for the two
alloys, the inverseTg scale has been normalized byTg* ~the
glass transition at the lowest heating rate of 0.02 K/s!. At this
heating rate,Tg* is close to the temperature where the equi-
librium viscosity is 1012 Pas.8 The experimental points and

the VFT fits are displayed in Fig. 4~b!. The values obtained
for the strength parameter,D53 for Co62Nb6Zr2B30 and
D57 for Co45Fe16Nb6Zr2B30 are of the same order of mag-
nitude as the values found for Fe~Co!Al ~Si!GaPCB amor-
phous alloys.16,17The decrease of the lower limit of the glass
transitionTg

0, and the increase of the straight parameterD
with the substitution of Co by Fe, point in the same direction
as the increase in the width of the supercooled liquid region
~Table II!.

The fragility concept provides a measure of the sensitiv-
ity of the structure of the liquid to temperature changes7,9 and
can be used to classify glass-forming materials into three
general categories: strong, intermediate and fragile.7 The fra-
gility can be quantified by the strength parameterD in Eq.
~3!, which expresses the deviation from the Arrhenius
behavior7 or by the fragility parameter defined as18

m5
d log^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 according to9

FIG. 2. Kissinger plots for Co622xFexNb6Zr2B30 (x50,16) amorphous al-
loys. The inset shows the temperature dependence of the crystallization rate
constantKcr .

FIG. 3. DSC curves for Co622xFexNb6Zr2B30 (x50,16) alloys at different
heating rates~in K/s!.

TABLE II. VFT parameters for the best fit of the DSC data according to Eq.
~4!, and fragilitym of Co622xFexNb6Zr2B30 (x50,16) glasses.

x ln B~K/s! D Tg
0(K) Tg /Tg

0 m

0 20620 362 760640 1.260.2 44610
16 25620 762 690640 1.360.2 44610

FIG. 4. Experimental points and VFT fits~lines! of ~a! glass transition
temperatureTg , as a function of the heating rateb, and~b! inverse heating
rate 1/b, as a function of inverse glass transition temperature 1/Tg , normal-
ized to 1/Tg* (Tg* : onset of the glass transition at 0.02 K/s!, for
Co622xFexNb6Zr2B30 (x50,16) alloys.

6609J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 Borrego et al.
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m5
DTg

0Tg

~Tg2Tg
0!2ln 10

. ~6!

Open network liquids like SiO2 and GeO2, that show an
Arrhenius-type temperature dependence of relaxation times,
provide the strong liquid extreme exhibiting values ofm in
the range 16<m<30. In contrast, fragile liquids, such as
ionic melts and polymers, which are characterized by simple
nondirectional Coulomb attractions or by Van der Waals in-
teractions exhibit large values ofm(>100). Sincem is a
measure of the steepness of the viscosity curve as a function
of temperature atTg , its value depends on the definition of
Tg . In order to make a uniform comparison with fragility
values found in the literature,m has been evaluated atTg

corresponding to a heating rate of 0.33 K/s. For both systems
a value of 44 was found~Table II!. Therefore, the significant
increase in the width of the supercooled liquid region of
about 40 K caused by the substitution of Co by Fe is not
reflected in a change in the fragility parameter.

A value of m544 indicates that the present alloys fall
into the intermediate category according to Angell’s classifi-
cation scheme, and are closer to the strong limit than to the
fragile limit. The same conclusions was stated for very good
glass forming liquids such as Zr46.75Tx8.25Cu7.4Ni10Be27.5

~Vitrealloy 4! ~m534, Refs. 8 and 19!, Mg65Cu25Y10 (m
541, Refs. 19 and 20!, Pd40Cu30Ni10P20 (m552, Refs. 19
and 21! and (FexCoyBzCu)80Si3Al5Ga2P10 with x55–70,
y50–63,z55–12, andu50–5 ~m535, Ref. 17!. Therefore,
it seems that there is a general correlation between improved
glass-forming ability and stronger metallic liquids, as previ-
ously suggested.8,19 However, the fragility parameterm
cannot be considered as a quantitative indicator to classify
amorphous alloys in terms of their glass-forming ability, as it
is not directly correlated to the critical cooling rateRc

for glass formation, that is, a lower fragility parameter
does not imply a lower value ofRc . Thus, the critical cool-
ing rates for some of the mentioned alloys are 30 K/s
for the Zr46.75Ti8.25Cu7.4Ni10Be27.5 ~Ref. 22!, 50 K/s for
Mg65Cu25Y10 ~Ref. 20!, and 0.1 K/s for Pd40Cu30Ni10P20

~Ref. 23!.
Figure 5~a! shows the XRD patterns of the

Co622xFexNb6Zr2B30 (x50,16) alloys at the beginning of
the crystallization process. The samples were heated at 0.17
K/s up to 953 K ~x50! and 979 K ~x516!, respectively.
The structure of these crystallized samples consists of a re-
sidual amorphous phase1fcc Co21Nb2B61orthorhombic
CoNb~Zr!B1tetragonal Co2B for the alloy with x50,
and amorphous phase1fcc ~Co,Fe!21Nb2B61rhombohedral
Co3ZrB21tetragonal (Co,Fe)2B for x516. In both cases
three crystalline phases precipitate simultaneously. There-
fore, it can be concluded that the high stability of the super-
cooled liquid is caused by the complicated crystallization
reaction that requires a high degree of rearrangement of the
constituents. The difference of the crystalline structures
seems to be the reason for the different thermal stability of
both supercooled liquids. Figure 5~b! shows the XRD pat-
terns of Co622xFexNb6Zr2B30 (x50,16) samples heated at
0.17 K/s up to 1035 K, the temperature that corresponds to
the end of the first crystallization step for both alloys. While

the same crystalline phases are found forx516, new diffrac-
tion peaks corresponding to the orthorhombic (Nb,Zr!3Co4B7

phase are identified for the Fe-free sample. The crystalliza-
tion of this new phase can be associated to the second weak
exotherm, which follows the first strong DSC peak~Fig. 1!.

The Co46Fe16Nb6Zr2B30 as-quenched alloy exhibits good
soft magnetic properties with a coercive field of 1.0 A/m, a
saturation magnetization of 3.33105 A/m (m0M50.42T!, a
saturation magnetostriction of 1.131026 and Curie tempera-
ture of 430 K, while the Fe-free alloy does not show ferro-
magnetic order at room temperature.

A thermomagnetic study of the crystallized samples at
different stages of the crystallization process was made in
order to support and complement the phase composition
analysis of the crystallized alloys made by XRD. This study
revealed that the composition of the crystalline phases
changes as the crystallization progresses. Figure 6 shows the
thermomagnetic curves at 0.17 K/s of crystallized

FIG. 5. XRD patterns corrsponding to samples of Co622xFexNb6Zr2B30

(x50,16) alloys~a! heated at 0.17 K/s up to the beginning of the crystalli-
zation~953 K for x50 and 979 K forx516!, and~b! heated up to the end of
the first crystallization step~1035 K!.

FIG. 6. Thermomagnetic curves, at 0.17 K/s, for Co622xFexNb6Zr2B30 (x
50,16) samples preheated at 0.17 K/s up to 1073 K.

6610 J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 Borrego et al.
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Co622xFexNb6Zr2B30 (x50,16) samples~preheated up to the
end of the first crystallization process!. The Curie transitions
of some crystalline phases are marked with arrows. A Curie
temperature of about 840 K for the~Fe,Co!2B phase, present
in the alloy withx516, indicates24 that at the end of the first
exotherm the Fe and Co contents of this phase are almost
equal. A nonzero value of the magnetization at high tempera-
tures~850 to 1000 K! for both alloys, is to be attributed to
the presence of some traces of fcc Co~Fe! phase, the XRD
peaks of which overlap with those of the (Co,Fe!21Nb2B6

phase.

IV. CONCLUSIONS

The glass-forming ability of Co622xFexNb6Zr2B30 (x
50,16 amorphous alloys with large supercooled liquid re-
gion was analyzed in terms of the width of the supercooled
liquid region, the reduced glass transition temperature and
the Vogel–Fulcher–Tamman parameters. A value of the fra-
gility parameter of 44 indicates that the present alloys fall
into the intermediate category according to Angell’s classifi-
cation scheme, being closer to the strong limit than to the
fragile limit. The significant increase in the width of the su-
percooled liquid region of about 40 K caused by the substi-
tution of Co by Fe is not accompanied by a change in the
fragility parameter. The high stability of the supercooled liq-
uid is caused by the complicated crystallization reaction that
requires a high degree of rearrangement of the constituents.
The Co46Fe16Nb6Zr2B30 alloy exhibits good soft magnetic
properties, while the Fe-free alloy does not show ferromag-
netic order at room temperature.
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