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The kinetics of the glass transition and the crystallization process @b ¢Fe,NbgZr,Bsg
(x=0,16) 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 Physic§DOI: 10.1063/1.1518768

I. INTRODUCTION glass transition temperature on the heating rate is analyzed in
terms of the Vogel—-Fulcher—Tanamaf\~T) equation, and
The development of Fe- and Co-based amorphous sothe value of the fragility parameter is discussed in the frame
magnetic materials with low critical cooling rate for glass of the general classification scheme of glass-forming
formation and a wide supercooled liquid region before crysdiquids.”® The characterization of the crystalline phases
tallization has become an important research topic in recerformed after the first crystallization step was made by means
years'? Besides their technological importance due to theof x-ray diffraction and thermomagnetic measurements.
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!l. EXPERIMENTAL PROCEDURE
Fe—Co-M-B (M =_Zr,Hf,Nb,Ta) alloys can b_e considered as Multicomponent Cg,_ [FeNbsZr,Bso (x=0, 16 alloys
one of the most important systems in which Fe-based bulk . :
. : ; ingots were prepared from high purity elements by arc-
glassy alloys with good soft magnetic properties are .
: 2 . ) . “melting under argon atmosphere. From these pre-alloys, 10-
obtained®* The increase in B content up to 30 at. % in ; : :
mm-wide and 25xm-thick ribbons were prepared by the
(Fe,Co—(Nb,Zr)-B amorphous alloys causes a large eXten'sin le-roller melt-spinning technique. The samples were
sio of the supercooled liquid region before crystallizatidn 9 P g que. b

making these alloys especially suitable for the study of th§roven to be fully amorphous in the as-quenched state by

Kinet fthe dl ¢ ion. The Kineti i fthe dl -ray diffraction (XRD) measurements. X-ray diffraction
Inetics ot the giass transition. The kinelic nature otthe glass, e ns were recorded at room temperature using a Philips
transition provides a means of analyzing the dynami

. - . W 1820 diffractometer with Co Kradiation. The values of
changes in the supercooled liquid state from the heating ra

q d f the t i d theref _the onset glass transition temperatliig the onset crystal-
ependence ol the glass transition and INErefore, can provigs i, temperatureT,, and the crystallization peak tem-
complementary information about the glass-forming ability

£ th died It has b d that all ’ peratureT,, were determined by differential scanning calo-
ol the studie s.ystems... thas een repo_rt.e that alloys wit metry (DSC). The onset glass transition was defined as the
high glass-forming ability, that is, low critical cooling rate

. . _ oint of intersection between the linearly extrapolated curve
for glass formation, are stronger metallic glass formers in th

I olof than | H T | lic liquif elow the transition with the steepest tangent of the rise in
Angell plot” than less thermally stable metallic liquids. heat flow signat® The experiments were performed with a

In this article, the effect of Fe addition on the glass-pepin_Eimer DSC-7 calorimeter under a continuous argon
fqrmmg ab'."ty of CQpxFENDsZr,Bg (x=0, 19 allpys 'S flow at different heating rates ranging from 0.02 to 2.67 Ki/s.
discussed in terms of several parameters: the width of theyg ¢rystallization and melting behavior study up to 1700 K
supercooled liquid region, the reduced glass transition teMpas carried out using a Netzsch 404 DSC equipment at a
perature and the fragility parameter. The dependence of tl"l‘?eating rate of 0.17 K/€10 K/min). The liquidus tempera-

ture T, was determined as the inflection point of the last
dElectronic mail: conde@us.es endotherm of the heating curykigh temperature side
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30 K higher than that of the alloy witk=0 (see Table)l As

g g ‘L a result, the width of the supercooled liquid region estimated
~ él x=0 from the glass transition onset temperature and the crystalli-
3 E x=16 zation onset temperature a9 ,(=T,—T,), increases from
ot & 50 K for the alloy withx=0, to 88 K forx=16. The wide
o 1300 1400 1300 supercooled liquid region of these multicomponent alloys
T X= 0 Temperature (K) . . . . . .
o | makes them especially interesting for studying the kinetic
E behavior of the supercooled liquid.
2 The inset in Fig. 1 shows the melting behavior of the two
e alloys as observed by DSC measurements taken at a heating
n rate of 0.17 K/s. The curve corresponding to the Fe-free alloy
1 exhibits a sharp single melting event indicative of an eutectic
composition, while the curve corresponding to the alloy with
800 1000 1200 x= 16 exhibits a melting behavior very near to the eutectic
Temperature (K) point. The reduced glass transition temperature of these al-

loys, T,y, was determined using the relatid /T, (T, li-
FIG. 1. DSC curves for as-quenched samples of,GEFeNDsZr,Bs;  quidus temperatujesince it was found thal,, defined in
(x=0,16) alloys at a heating rate of 0.17 K/s. The inset shows the meltlngihiS way shows a stronger correlation with the critical cool-
behavior recorded at the same heating rate. . . .
ing rate for glass formation thady/T, (T, solidus
temperaturg!? According to Turnbull's analysi& a liquid
The magnetization as a function of the temperaturevith T,;=2/3 can only crystallize within a very narrow tem-
M(T), was measured with a Faraday magnetometer in a fielgerature range, and thus can be easily undercooled at a low
of 460 kA m L. Values of the Curie temperatuflg:, of the  cooling rate into the glassy state. The calculated valugpf
amorphous and crystalline phases were determined by thef about 0.63 for both alloyéTable ), that is, close to 2/3,
intersection point of the steepest tangent to MheT) curve  indicates that these systems can be easily undercooled at low
with the T axis or with the magnetization curve extrapolatedcooling rate into a glass.
down temperature$<T., respectively. The crystallization kinetics of the first crystallization
The coercive fielH,., and the saturation magnetostric- Step has been analyzed by using Kissinger’s equition
tion constant ¢, were measured at room temperature with a >
Forster Koerzimat and by the small-angle rotation method BIT,=(Zkg/Ea)exp( — EalkgTp), @

H 11 =1 H . . . . .
a_\fter Nanta«_at a!. at 15 KA m *, respectively. The satura- \here 8 is the heating rateT, is the crystallization peak
tion magnetization at room temperature was measured with @mperature Z is the frequency factorks the Boltzmann
vibrating sample ma_glnetometer, using a maximum fieldconstant andE, the apparent activation energy. The Kiss-
strength of 1500 kA m-~. inger plots and the crystallization rate constafy,, deter-

mined from the Arrhenius law
IIl. RESULTS AND DISCUSSION

K (Ty)=Z exp(—E4/kgT,), 2
The constant-rate heating differential scanning calorim- er(Tp) A~ Ea/ksTp) @

etry curves for the CgFeNbgZr,Bs;y (x=0,16) as- are shown in Fig. 2. As expected, the values of the apparent
guenched alloys recorded at a heating rate of 0.17 K/s aractivation energy and the frequency factor of the first crys-
shown in Fig. 1. A distinct glass transition, followed by a tallization stage rise in the same order as the crystallization
large supercooled liquid region, is observed in the temperasnset temperaturésee Table)l The rate constant is smaller
ture range prior to crystallization. Previous to the glass tranfor the alloy with the larger supercooled liquid region, simi-
sition, a broad exothermic event can be observed for the twiar as it was found for ZrTiCuNiFeBe and
alloys due to structural relaxation. The crystallization proces§eNbAIGaPCB® metallic glasses with different composi-
of the Fe-free alloy is evidenced by two main exothermictions. The opposite tendency was reported for
peaks, while only one significant peak is observed in theFeCoAlGaPCB alloys’ for which the partial replacement of
alloy containing 16 at. % Fe. Thg, value of about 900 K Co by Fe causes a decreasekgf andAT,.

for the alloy withx=0, decreases with the substitution of Co The dependence of the glass transition temperature on
by Fe down to a value of 892 K. On the contrary, the crys-the heating rate8 was evaluated in terms of the Vogel—
tallization onset temperature of the alloy witk 16 is about ~ Fulcher—TammariVFT) equation written in the forf?

TABLE |. Glass transition temperaturg,, crystallization onset temperatui,, liquidus temperaturd,
equilibrium solidification structure, activation enerBy, and frequency factdz of the first crystallization step
for Cog,_4FgNbgZr,B5 (x=0,16) amorphous alloyteating rate 0.17 Kjs

X Ty(K) T(K) Ti(K) Tg/T, Structures E.(eV) zZ(s™h

0 900+5 950+1 1436+5 0.63+0.01 Eutectic 5.202 2X 107°
16 892+5 980+ 1 14205 0.63+0.01 Near-eutectic 6:40.2 4x10%°
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TABLE II. VFT parameters for the best fit of the DSC data according to Eqg.
-14 4 ‘z 4 (4), and fragility m of Cog,_,FeNbgZr,Bs, (x=0,16) glasses.
®
.-15- ;b \ X In B(K/s) D To(K) Ty/Tg m
S 0 960 1000 0 2020 3t2 76040 1.2+0.2 44+10
\_E -164 T, 16 25+20 7*+2 69040 1.3+0.2 44+10
171 o x=16
100 102 104 106 1.08 the VFT fits are displayed in Fig.(d). The values obtained
10%T (K'1) for the strength parameteD =3 for Ca;,NbgZr,B;, and
-]

D=7 for CosFe¢NbgZr,Bsg are of the same order of mag-

FIG. 2. Kissinger plots for Cg_,FgNbsZr,Bs, (x=0,16) amorphous al- nitude as the values found for (@0)Al(Si)GaPCB amor-

loys. The inset shows the temperature dependence of the crystallization raghous aIon§_6'17The decrease of the lower limit of the glass

constant. transition Tg, and the increase of the straight parameder

with the substitution of Co by Fe, point in the same direction

01 /=0 as the increase in the width of the supercooled liquid region
B(Tg)=B exdDTy/(Tg—Tg)], 3 (Table 1.

whereTy is the asymptotic value df usually approximated The fragility concept provides a measure of the sensitiv-

as the onset of the glass transition within the limit of infi- ity of the structure of the liquid to temperature charigemnd

nitely slow cooling and heating ratB, has the dimension of can be used to classify glass-forming materials into three

a heating rate anB is the strength parameter. general categories: strong, intermediate and frddilee fra-
Figure 3 shows the DSC traces of the glass transitio®ility can be quantified by the strength paramefem Eq.

region of the studied alloys at heating rates from 0.02 to 2.6%3), Which expresses the deviation from the Arrhenius

K/s. Prior to the DSC scan, the as-quenched samples wekehaviof or by the fragility parameter defined8s

preheated to abové, and cooled to room temperature at

0.67 K/s, in order to achieve a relaxed glassy state for all the d log( 7)

samples. The fitting of the experimental data was performed _d(Tg Ml 1’

by the equation g

©)

DTS whereT is the temperaturel, the glass transition, an@) is
T T.-T (4 the average relaxation time. From the VFT fits the fragility
9" g

parameter at a particuldiy can be calculated according’to
with three adjustable VFT parametei; D, and Tg. The

calculated values are given in Table Il and the best fits are
shown by lines in Fig. @). In order to compare the tempera-
ture dependence of the inverse heating raf® figr the two
alloys, the inversdy scale has been normalized ﬂig (the
glass transition at the lowest heating rate of 0.02 K&sthis =
heating rate,T’g* is close to the temperature where the equi- G
librium viscosity is 16? Pas® The experimental points and

In B(Tg)=InB

*
n
[=]

x=16

& {002 . alooz /) S\E

3 (oo /| 3lose /) 2 10

2oz T o7 /) s 10

§ A E M £ 4o

£ A €loer /N e ] = x=0

8 [1s )| 8|1 /> 3 10" ° x=16
ieLJ\ l 167 2 0.96 0.98 1.00
267 / 267 - Normalized temperature, T /T_
800 900 1000 800 900 1000 FIG. 4. Experimental points and VFT fitdines) of (a) glass transition

Temperature (K)

Temperature (K) temperaturel ¢, as a function of the heating rag and(b) inverse heating

rate 13, as a function of inverse glass transition temperatufg 1hormal-
ized to 17I'; (T’g‘: onset of the glass transition at 0.02 K/sfor
Cog,o— xFeNbgZr,B5g (x=0,16) alloys.

FIG. 3. DSC curves for Gg_,FeNbgZr,B3, (x=0,16) alloys at different
heating ratesin K/s).
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0 2 . '
me_Dlale ®) @ oz
(Tg—T9)%Nn 10 ) >(Co Fe)
© ® Co,ZrB,
Open network liquids like SiQand GeQ, that show an :>,’
Arrhenius-type temperature dependence of relaxation times, @
provide the strong liquid extreme exhibiting valuesnofin g

the range 1&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- 2
teractions exhibit large values of(=100). Sincem is a A

. . . o (Co,Fe), Nb B
measure of the steepness of the viscosity curve as a function (b) o CoNBEZNB
of temperature al, its value depends on the definition of $ . (CoFe)B
Ty. In order to make a uniform comparison with fragility . o .20Cof,
values found in the literaturen has been evaluated &y T
corresponding to a heating rate of 0.33 K/s. For both systems
a value of 44 was foun(rable Il). 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. 20 40 60 80

A value of m=44 indicates that the present alloys fall 2 Theta (°)

intq the intermediate category according to Anggll’s cIassifi—FIG. 5. XRD patterns corrsponding to samples ofyCoFeNbeZr,Bag
cation scheme, and are closer to the strong limit than to thg,— o 16) alloys(a) heated at 0.17 K/s up to the beginning of the crystalli-
fragile limit. The same conclusions was stated for very goocation(953 K forx=0 and 979 K forx=16), and(b) heated up to the end of
glass forming liquids such as Zf7cTXg 2:Cly JNijBey7 5 the first crystallization stef1035 K).
(Vitrealloy 4) (m=34, Refs. 8 and 19 MgesClysY 19 (M
=41, Refs. 19 and 20 Pd,;CusgNiioPsg (M=52, Refs. 19
and 23 and (FgCoB,C,)gSisAlsGaPyg with x=5-70,
y=0-63,z=5-12, andu=0-5(m=35, Ref. 17. Therefore,
it seems that there is a general correlation between improv
glass-forming ability and stronger metallic liquids, as previ-
ously suggeste¥!® However, the fragility parametem
cannot be considered as a quantitative indicator to classifg ﬂ
amorphous alloys in terms of their glass-forming ability, as it 0
is not directly correlated to the critical cooling rat.

Intensity (a.u.)

the same crystalline phases are foundxerl6, new diffrac-
tion peaks corresponding to the orthorhombic (NZo,B-
eqlase 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 pedg. 1).

The CogFe gNbgZr,Bso as-quenched alloy exhibits good
magnetic properties with a coercive field of 1.0 A/m, a
saturation magnetization of 3QL0° A/m (uoM =0.42T), a

for : ; o saturation magnetostriction of X110~ ® and Curie tempera-
glass formation, that is, a lower fragility parameter .

does not imply a lower value &, . Thus, the critical cool- ture of 430 K, while the Fe-free alloy does not show ferro-
ing rates for some of the mentioned alloys are 30 K/Smagnetlc order at room temperature. _

for the Zig<Tis»:Clh NizBey s (Ref. 22, 50 Kis for A thermomagnetic study of the crystallized samples at

- different stages of the crystallization process was made in
M Yo (Ref. 2 .1 K/s for P Ni1oP:
(Rgeefs(32U§5 10 (Ref. 20, and 0.1 KIs for PECUNI1oP0 et support and complement the phase composition

analysis of the crystallized alloys made by XRD. This study
revealed that the composition of the crystalline phases
f?anges as the crystallization progresses. Figure 6 shows the
“thermomagnetic curves at 0.17 K/s of crystallized

Figure 5a shows the XRD patterns of the
Cogy_FeNbgZr,Bsy (x=0,16) alloys at the beginning of
the crystallization process. The samples were heated at 0
K/s up to 953 K(x=0) and 979 K(x=16), respectively.
The structure of these crystallized samples consists of a re-
sidual amorphous phasécc Co,;Nb,Bg+ orthorhombic
CoNb(Zr)B+tetragonal CegB for the alloy with x=0,
and amorphous phasécc (Co,Fe,;Nb,Bg+rhombohedral
CosZrB,+tetragonal (Co,FeB for x=16. 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. Figurgl® shows the XRD pat-
terns of C@, FeNbsZr,Bsg (x=0,16) samples heated at
0.17 K/s up to 1035 K, the temperature that corresponds t@iG. 6. Thermomagnetic curves, at 0.17 K/s, forgCqFe,NbsZr,Bs, (X
the end of the first crystallization step for both alloys. While =0,16) samples preheated at 0.17 K/s up to 1073 K.

o
o

- x=0
(Fe,Co),Nb,B, —Xx=16
{

o
e

(Fe,Co),B

o
N
1
—
LM

heS

Magnetic polarization, uM (T)
o
o

400 600 800 1000
Temperature (K)
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Cogyp- xFeNbgZr,B3, (x=0,16) sample¢preheated up to the MAT2001-3173, by the PAI of the Junta de Andaliagiand
end of the first crystallization procés3he Curie transitions by the EU(RTN-Network on “Bulk Metallic Glasses,” Con-
of some crystalline phases are marked with arrows. A Curi¢ract HPRN-CT-2000-000330ne of the author¢]. M. B)
temperature of about 840 K for ti{Ee,C9,B phase, present acknowledges the IFW Dresden and the Junta de Andaluci
in the alloy withx=16, indicate$® that at the end of the first for research fellowships.

exotherm the Fe and Co contents of this phase are almost
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