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The glass-forming ability of (F&€0,B,C,) g0SisAlsGaPyo with x=5-70,y=0-63,z=5-12, and

u=0-5 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 parametem s 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. 2@02 American Institute of Physics.

[DOI: 10.1063/1.1494848

I. INTRODUCTION dus temperatuje This correlation has been confirmed in
many experimentgsee Ref. 9 for a summary

The development of amorphous soft magnetic materials The study of glass transition kinetics can provide
with a wide supercooled liquid region before crystallizationcomplementary information about the glass-forming ability
has become an important research topic in recent years. of the amorphous alloys. It has been found that alloys with
The decrease of the critical cooling rate for glass formatiorhigh GFA, i.e., low critical cooling rate for glass formation,
enables the fabrication of bulk amorphous alloys by convenare stronger metallic glass formers in the “Angell pld”
tional casting processes and the existence of a wide supehan thermally less stable metallic liquitisThere is only
cooled liquid region allows for measurements of the thermoone work about the kinetics of the glass transition of Fe-
physical properties of the undercooled metallic liquid in abased alloys with good glass-forming abiftfy.
broad time and temperature rantfe. Amorphous FeSiAlIGaPCB alloys are known to have in-

The glass-forming abilit(GFA) of amorphous alloys teresting soft magnetic properties combined with good glass-
can be characterized by their critical cooling rate, but thisforming ability, promising the formation of bulk soft mag-
parameter is usually not easy to measure and several othBgtic materials:? The replacement of iron by other transition

parameters have been used to predict the glass-forming ablf€tals may further improve these alloys. In this article, the
ity of metallic glasses. One of the most widely used is theSffect of the substitution of Fe by Co on the glass-forming

width of the supercooled liquid regiothT,(=Ty—T,), ability and the.soft magnet.ic properties of amorphous
whereT is the glass transition temperature andthe onset (F&CO/B,Cy)g0SisAlsGaPyo With x=5-70, y=0-63,

temperature of crystallization of the amorphous alloy. Inoue:5_12’ andu=0-5 alloys is reported. The dependence of

and Zhan§ have stated a close relation betwef, and the glass transition temperature on the heating rate is ana-

GFA for a wide variety of bulk glassy alloys: the larger the lyzed in terms of the Vogel—Fulcher—TammaivT) equa-
. I . ... tion, and the value of the fragility parameteris discussed
width of the supercooled liquid region, the lower the critical

i te. H the | . f a chemical d in the framework of the general classification scheme of
cooling rate. However, the Importance of a chemical 0eComy, ,¢q_orming liquidd®!3The characterization of the crystal-

position process in the undercooled liquid shou!d be Sressef,q phases formed in the course of the devitrification process
as a key parameter for very good GEAhe existence of was done by means of x-ray diffractiociXRD) measure-
phase separation in the undercooled liquid state was used

explain the disparity between GFA and thermal stability in ents.
the alloy series ZrTiCuNiBé.

Based on theoretical work on crystal nucleation in un-!l- EXPERIMENT
dercooled liquid metals, TurnbBlproposed that the glass- Multicomponent alloys with compositions
forming ability should increase with increasing reduced glasg Fe.Ca,B,C,)0SizAlsGayPy, (Table ) were prepared by arc
transition temperaturé 4 defined asT,,=Ty/T, (T, is liqui-  melting under argon atmosphere. Raw materials of high pu-

rity were used; metals: 99.99%, FeC and FeB: 99.5%, and

dAuthor to whom correspondence should be addressed; electronic mai’::Fj'P: 9_7-5%- From these alloys, _10 mm wide andHZﬁ.
conde@us.es thick ribbons were prepared by single-roller melt spinning.
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TABLE I. Glass transition temperatuf, , crystallization onset temperatufg, and liquidus temperatufg at
20 K/min and Curie temperaturg; of (FgCa,B,C,)gSizAlsGaPyq 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
To(K) =5 755 760 762 764 782 790
T(K)=1 809 808 808 812 828 828
T(K)£5 1280 1300 1330 1330 1320 1340
Structures eutectic near- off- off- off- near-

eutectic eutectic eutectic eutectic eutectic

Tc(K)£3 568 554 526 463 373 328

The samples were proven to be fully amorphous in the asthe compositions. The thermal stability of the amorphous
spun state by XRD measurements. The XRD patterns weralloys does not show a monotonic dependence on Co con-
recorded at room temperature using a Philips PW 1820 diftent: T, is not affected by Co substitution up to about 26
fractometer with Cd, radiation. The values of the onset at. % Co and shows a small increase of about 20 K for sub-
glass transition temperaturg,;, the onset crystallization stitution of more than 52 at.% Cg@rable |). It should be
temperaturel,, and the crystallization peak temperatdig  noted that the changes in the B and C contéeeping the
were determined by differential scanning calorimésC). total metalloid content constaninay also affect this behav-
The onset glass transition was defined as the point of inteier. However, a similar tendency was found for
section between the linearly extrapolated curve below thé&e;; s ,Co,Siis B,Cu;Nbs alloys where the B content was
transition with the steepest tangent of the rise in heat flovkept constant® The glass transition temperature increases
signal’* The experiments were performed with a Perkin—monotonically as the Co content increagesse Table )l
Elmer DSC-7 under a continuous argon flow at differentTherefore, the width of the supercooled liquid regifi,
heating rates ranging from 2.5 to 160 K/min. The meltingslightly increases from 38 to 54 K as the Fe content of the
behavior was studied with a Netzsch 404 DSC calorimeter aalloy increases.

a heating rate of 20 K/min. The liquidus temperatlifavas The melting curves of all the alloys at a heating rate of
determined as the inflection point of the last endotherm oR0 K/min are shown in Fig. 2. The curve corresponding to
the heating curvéhigh temperature side the Co-free alloy(alloy A) exhibits a sharp single melting

The magnetization as a function of the temperaturesvent, indicative of a eutectic composition. The alloys with
M (T) was measured with a Faraday magnetometer in a fielthe lowest(alloy B) and highest Co conteialloy F) exhibit
of 460 kAm %. The Curie temperatur&. was determined a melting behavior very near to a eutectic point while the
from M(T) curves, fitting the data nedi. to a critical law
of the formM (T) (T —Tc)# with 8=0.36, and extrapolat-

ing to M=0. T

The coercive fieldH: and the saturation magnetostric- A )
tion constant\y were measured at room temperature by a ‘—’T/Wf\"‘—/’
Forster Koerzimat and by the small-angle rotation method E
after Naritd® at 15 kA m %, respectively. The saturation po- e l
larization Jg at room temperature was measured with a vi- <_% [\/_\//
brating sample magnetometer, using a maximum field %
strength of 1500 kA m! and at 10 K with a superconducting 2
guantum interference device magnetometer using an applied K3 \[\/_\//
magnetic field of 4 MAm* %

s 1 \ [\M/

IIl. RESULTS AND DISCUSSION w
A. Glass-forming ability and crystallization behavior —’j

Figure 1 shows the DSC curves for the as-quenched al- [W
loys at a heating rate of 20 K/min. All curves exhibit the
endothermic event characteristics of the glass transition, fol- T V v
lowed by a supercooled liquid region and several exothermic 9

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

600 700 800 900 1000
Temperature (K)
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Allo in the value ofZ have been also reported for other alloys
y systems. As an example, in £fi{,Cu, Nijg FeBey s
A (x=0, 2, and 5 alloys'® a substitution of only 5 at. % of Ni

by Fe causes a differencelity 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

B

c \_ﬁ\‘ found in ZrTiCuNiFeBe(Ref. 18 and FeNbAIGaPCRBRef.
12) amorphous alloys: the small&t,, the largerAT, . The

D—

opposite tendency is found in the present alloys, for which
the rate constant evaluated at the peak temperdtyia 20

Exothermic Heat Flow (a.u.)

E \/\«\\_ K/min decreases with increasing Co content, in the same
order asAT, (Table II).

i F The study of the relaxation dynamics of supercooled lig-

uids can be discussed in terms of the fragility, which is the

1000 1200 1400 1600 degree of departure from an Arrhenius law of the tempera-
ture dependence of a characteristic relaxation fifméhe
fragility concept is used as the basis for a classification of
FIG. 2. Melting curves of all the alloys at a heating rate of 20 K/min. liquids, to estimate the sensitivity of the liquid structure to
temperature changé$.Since viscosity relaxation and the
glass transition measured by calorimetric methods occur on
curves corresponding to the alloys with intermediate compothe same time scale, the heating rate dependence of the glass
sitions (alloys C, D, and Edisplay two clear melting peaks transition can be used as a way to determine the fragility of
indicating that they are off eutectic. According to Turnbull’s the materiaf!
analysis’ a liquid with T,;>2/3 can only crystallize within a Prior to the DSC measurements the samples were fully
very narrow temperature range, thus can be easily undefelaxed, as complete relaxation leads to a state that is equiva-
cooled at a low cooling rate to the glass state. The calculatel@nt to a supercooled liquith,and which is, therefore, inde-
values ofT,q, ranging from 0.57 to 0.59, are lower than but pendent of the history of the sample. The conditions of the
close to 2/3, reflecting the good glass-forming ability of thethermal treatment were chosen in order to get the lowest
present alloys. coercive field: the samples were isothermally annealed at
The crystallization of the samples occurs in several’33 K (alloys A, B, C, and I, 743 K (alloy E), and 773 K
stages(Fig. 1). The apparent activation ener@y, the fre-  (alloy F) for 30 min.
quency factorZ, and the rate constant of the crystallization ~ With increasing heating rate, the glass transition tem-
process K., can be evaluated by using the Kissingerperature shifts to higher temperatures. As an example Fig. 3
method!’ The dependence of the peak temperaliyen the ~ shows  the  curves  corresponding  to  the
heating rates is described by Fe;0BsCsSizAlsGayPyg alloy (alloy A). The dependence of
T4 on the heating rat@ given by the VFT equation can be

Temperature (K)

BITo=(Zkg/Ex)exp —EalksTy), D written in the fornt*

where kg is the Boltzman constant and the crystallization

rate constant is determined from an Arrhenius law B(T)=B erDTg/(TS—Tg)J, ®)
Ke(T)=Zexp —E,/kgT). 2

The values of the apparent activation energy and thevhere Tg is the asymptotic value of;, usually approxi-
frequency factor found for the first crystallization stage ofmated as the onset of the glass transition in the limit of
the studied alloys rise in the same order as the crystallizatiomfinitely slow cooling and heating rat8, has the dimension
onset temperatur€Table Il). The frequency factoZ can be of a heating rate, anD is the strength parameter.
considered as a measure of the probability that an atom hav- The fitting of the experimental data was performed using
ing energyE, participates in a crystallization reactibhThe  the equation
high variation inZ between the alloys with the lowest and
the highest Co content could be explained from differences 0
in the crystallization process, i.e., the appearance of new |p B(Ty)=InB—

g
—0, (4)
crystalline phases, as will be reported below. Big differences (Tg—Ty)

g g

TABLE Il. Kissinger parameters. The rate consténf was evaluated af=T, at 20 K/min.

Alloy A B Cc D E F

E.(eV) 5.42) 5.42) 5.52) 6.002) 6.4(2) 7.1(2)
Z(s™Y) 1(3)x 10% 1(3)x 10% 4(3)x10% 5(5)x 10 1(6)x 10%7 3(9)x 10"
Ke(STY)  4(2)x1072  4(2)X1072  4(2)x1072  7(2)x10°°  2(2)x10°%  1(2)x10°°
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FIG. 3. DSC curves for the alloy Fg85CsSi;Al;Ga P, at different heating

rates. The arrows indicafg, .

with three adjustable VFT parametei®; D, and Tg. The
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FIG. 4. Glass transition temperature as a function of the heatingsratel
VFT fit of the data[Eq. (4)].

changes irD that keep the value ah reasonably constant.
The obtained values dd are close to those found for FeN-
bAIGaPCB alloys:? The increase of the lower limit for the
glass transitiom 8 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.

calculated values are given in Table Ill and the best fits ar@he fragility parametem, evaluated aT 4 corresponding to a

shown by lines in Fig.

4.

heating rate of 20 K/min, was found to be around 35 for

The fragility can be quantified by the strength parameterlloys A, B, C, D, and E, and about 63 for the alloy with the
D in Eq. (3), or by the fragility parameter defined*as

_ dlog; 7)

~d(Ty/T) T:Tg’

whereT is the temperaturél the glass transition, and) is
the average relaxation time. From the VFT fits the fragility
parameter at a particuldiy can be calculated froh

DTIT,
-~ 99
M (T T92n10

©)

(6)

highest Co contenfalloy 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 FefAl, Ga)—(P, C, B, S) bulk glassy
samples with thickness of 1-15 mm have been obtatned.
Similar values ofm have been found in several multicompo-
nent amorphous systems such as ZrTiCuNiBe and MgCuY
alloys?! which are reported to be excellent metallic glass
formers??23 A fragility value of about 60 for the Co richest

The larger the deviation from an Arrhenius behavior, theg|ioy indicates a lower glass-forming ability for this alloy.

larger the value ofm. The fragility index can be used to In order to clarify the reason for the good glass-forming

classify glass-forming liquids into three general categoriesapijlity of these alloys, the crystalline phases formed in the
strong, intermediate, and fragité.Strong liquids with ap- first crystallization stage were analyzed. Figure 5 shows the
proximately Arrhenius temperature dependence of relaxatioXRD patterns corresponding to samples of all the alloys an-
times have values ofm lower than 30 with an estimated nealed at 800 K for 1 h. The annealed samples A, B, C, and
lower limit of m~16. In contrast, fragile |IQUIdS such as D present the same Crysta”ine phasé$:a bce Fe solid

polymers and ionic melts display valuesrmfabove 100.
It should be noted that although the uncertainty of the and Ga elements, with a lattice parameter that decreases

values of the parametef®), B, andD is quite high(also
pointed out in Ref. 2 changes in the value dTg result in

TABLE lIl. Vogel-Fulcher—Tammann parameters for the best fit of the

DSC data according to Eg4).

solution containing Co and M, where M stands for P, C, Al,

as the Fe content of the amorphous alloy decreases, indicat-
ing changes in the compositiaf@=0.2868 nm alloy A,a
=0.2857 nm alloy B; a=0.2853nm alloy C, anda
=0.2852 nm alloy D) (ii) a phase with a NP-like tetrago-

nal structure(space group:il,) and lattice parametera
=0.893 nm andc=0.441 nm(Ref. 24 and a composition

In B (K/s) D Ty (K) Ty/Ty m close to Fg(M), and (iii) a phase with an RéNiN),-like
Alloy *2 +2.0 +30 +0.1 +10 cubic structurespace grougf®m3m), with a lattice param-
A 13 3.2 620 1.2 34 eter of about 0.378 nrtRef. 249 and a composition close to
B 10 16 660 1.2 35 Fe3(M) ,-like cubic structure. The last two phases were pre-
c 8 13 670 11 35 viously found in alloys with similar compositiorfs.The si-
E 2 é’é ??g ﬂ 2? multaneous crystallization of these three phases causes the
F 5 05 745 11 63 crystallization to be retarded, and thus promote a wide su-

percooled liquid region. The slightly higher crystallization
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FIG. 5. XRD patterns corresponding to samples of all the alloys annealed at y y y
800 K for 1 h. 0 20 40 60 80

Fe content (at.%)

. . FIG. 6. Saturation magnetizatidly at 300 and 10 Ka); magnetic moment
temperature of the Co-richest allofs and § might be due  per (Fe+ Co) atom(u) at 10 K (b); minimum coercivity after annealing
to the appearance of new Co-rich phases: a phagkl@dath ~ Hc(min) (0); and saturation magnetostriction constagtas a function of

an orthorhombic structuréspace grougPnam with lattice  the Fe contentd).
parametersa=0.565 nm; b=0.660 nm, andc=0.351 nm

(Ref. 24 is found in the two alloys; antv) a phase MCo, ot the alloy increasekFig. 6(c)]. This dependence correlates

H 24 [ . )
in alloy F™ However, this increase ifi, in alloys E and Fis o) with that observed for the saturation magnetostriction
accompanied by an increase Ty resulting in a final de- [Fig. &(d)].

crease of the width of the supercooled liquid region.
IV. CONCLUSIONS

The GFA of (FeCa,B,C,)goSisAlsGaP,, amorphous
alloys has been analyzed in terms of different parameters,
The saturation magnetization at 300 and 10 K of as-castuch as the width of the supercooled liquid region, the re-
samples shows a linear dependence on the Fe coiifgnt  duced glass transition temperature, and the VFT fitting pa-
6(a)] which reflects the substitution of Fe by Co moments.rameters. Substitution of Fe by Co slightly decreases the
Similar results are obtained for Go Fe,Si;sB;oamorphous GFA. The value of the fragility parameten indicates that
alloys?® The average magnetic moment per magnetic atonthese alloys lie in the intermediate category according to An-
() decreases from 1.8 to 075 as the Fe content decreases gell’'s classification scheme, i.e., between the strong and the
[Fig. 6(b)]. These values are much lower than those reporteéragile extremes. Curie temperature, saturation magnetiza-
for crystalline FeCo alloy€ and amorphous FeCoSiB tion, coercivity, and magnetostriction decrease as the Co con-
alloys? with lower metalloid concentratio~20 at. %. The  tent increases, the last reaching a nearly zero value.
low values of(u) can be attributed to the decrease of the
number of nearest-neighbor magnetic atdsimilar re- ACKNOWLEDGMENTS
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