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Abstract

The FgsB;; metallic glass ribbons were prepared by a single roller melt-spinning technique in an atmosphere of helium. X-ray diffraction
(XRD), scanning electron microscopy (SEM), and Differential scanning calorimetry (DSC), were used to investigate the structural and thermal
transformations of the ggB1; metallic glass. The activation energy of crystallizatBnwas evaluated using different theoretical models.
Applying the modified Johnson-Mehl-Avrami (JMA) equation reasonably suggests thatgta Ferystallization process is carried out by
a bulk growth in two dimensions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction of the amorphous alloys is of considerable importance. The
crystallization of a metallic glass upon heating can be per-

The metallic glasses of Fe and B system have attractedformed in several ways. In calorimetric measurements, two

much attention in the field of magnetic excitations in amor- basic methods can be used, isothermal and non-isothermal.

phous ferromagnets since they exhibit soft ferromagnetic However, the results of crystallization process can be inter-

properties, which are applicable in a variety of devices, in- preted in terms of several theoretical mod@d.0].

cluding transformers, sensors, magnetic tapes and recorder The present work concerns studies on crystallization ki-

headq1-6]. netics for the FgzB17 metallic glass. The kinetic parameters
The magnetic structure in transition metal metalloid of the glass-crystallization transformation were estimated

(TM-met) metallic glasses is a subject of considerable under non-isothermal conditions applying three different

scientific interest. Neutron with polarization analy$§#, models, namely, Kissingelll], Augis and Bennet{12]

Mdéssbauel[7] and magnetizatiofi8] measurements were and modified Johnson-Mehl-Avrami (JMA)3].

performed on FgB17 metallic glass to deal with the mi-

croscopic arrangement of its magnetic moments. It showed

an evidence for considerable canting away from a collinear 5 Experimental procedure

ferromagnetic structure.

The amorphous alloys are metastable_materials. On in-  pgarent ingots of pure Fe rod (99.98%) and B crystalline
crease of temperature, such non-crystalline systems transpjeces (99.7%) from Aldrich Chemicals Ltd. of appropriate
form into crystalline state in course of time. From the at 94 proportions were melted and thoroughly mixed in an
technological application point of view, the thermal stability argon-arc furnace. The metallic glass ribbon was produced

by conventional chill-block melt-spinnind4], using a steel
e _ _ wheel with a rim speed of approximately 50 msunder an
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curved crystal monochromator using molybdenumddi-
ationi = 0.711 A. For scanning electron microscope (SEM)
examinations, ribbons surfaces were coated by a thin Au
layer using fine coat JFC-100E ion sputter Jeol type, for
10 min at 10 mA. The surface microstructure was studied by
a Jeol type JSM-1200 scanning electron microscope.
Differential scanning calorimetry (DSC) measurements

were performed using a Shimadzu DSC-50 instrument on i

samples ok~20 mg encapsulated in platinum pans in an at-
mosphere of dry nitrogen at a flow of 30 ml mith Powdered
Al>,03 was used as a reference material. The temperature
and energy calibrations of the instrument were performed
using the well known melting temperatures and melting en-
thalpies of high purity tin, lead, zinc and indium supplied
with the instrument, giving an accuracy &0.1K for the
temperature ane0.02 mW for the energy. Non-isothermal
DSC curves were obtained with selected heating scan rates
10-30K mirr! in the range from room temperature to be-
yond the crystallization exotherm.

The fraction of crystallized materialg, at any temper-
atureT is given byx = (A7/A) whereA is the total area
of the exotherm between the temperatliyevhere crystal-
lization just begins and the temperatdrewhere the crys-
tallization is completedKig. 3); Ar is the area betweelh
andT as shown by the hatched portionkig. 3(a) [15]

A best fit for the results was calculated by the least-square
method. The arithmetic mean as well as the standard devi-
ation were calculated for the activation energies.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns for
(a) as-prepared ribbons and (b) after DSC scans (crystal-
lization). The XRD patternKig. 1(a) consists only of a
first main broad peak and a second peak with a shoulder
indicating a typical amorphous metallic glass structure. To
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Fig. 1. X-ray diffractograms of the kgB17 metallic glass (a) as-prepared
sample, (b) after crystallization.
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Fig. 2. The SEM micrographs of the §z817 metallic glass (a) as-prepared
sample, (b) after crystallization.

confirm this, the as-prepared ribbon was examined using
SEM (Fig. 2(a). This figure does not show any crystalline
structure, indicating that the as-prepared ribbon is com-
pletely amorphous. By analyzing the precipitated crystalline
phases after crystallization (sd€g. 1(b) the Fes3Bi7
metallic glass crystallizes into two phases namely the
bce-Fe of lattice constant = 2.867 A and the tetragonal
FeB (¢ = 5.136 A andc = 4.380 A). This is supported by
the equilibrium phase diagram for fog_B, binary alloy
system[16] which indicates the possibility for these two
phases to form in the temperature range (27-<1)0which

is the experimental range of measurement in the present
work. SEM was used to check the presence of phase sepa-
ration in these metallic glass ribborisg. 2(b)indicates the
presence of two microcrystallites. Further work is underway
to study the crystallization transformations of this system
throughout the temperature range by in-situ measurements,
using an X-ray diffractometer equipped with a heating
stage.
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Fe B Table 1
] 30 83717 Values ofn andm for various crystallization mechanisni6]
(@) Mechanism n m
% Bulk nucleation
= A T Three dimensional growth 4 3
% Two dimensional growth 3 2
E B One dimensional growth 2 1
8 i Surface nucleation 1 1
ey
N
s 1 ®
) )
E 10 K/min 45 96
[0 . e
40- (a)
670 680 690 700 710 720 730 740 '
Temperature/K 354 8
[ R N o
Fig. 3. Typical DSC curves at different heating rates for thgsBe; - (b) 11 |:
metallic glass. 3.0 5
£
Fig. 3 shows exothermic curves with different heating 2.57
rates of the FgB17 metallic glass. It is clearly seen that
the position of the broadening exotherm, which is associ- 2.0 " T -12.0
ated with the crystallization, shifts towards higher tempera- ' 1000K/T
ture with the increase of the heating rate. This suggests that P

f[he crystallization process shoul_d be considered as a h_eat-Fig_ 4. (a) Plot of It/ T2) vs. 1000T, for the FesB17 metallic glass,

ing rate dependent process, which cannot be characterizedp) piot of In) vs. 1000T, for the Fe3B17 metallic glass.

by a definite critical temperature independent of the heating

rate. These broadened exothermic peaks present asymmet- ) o )

rical profiles, which indicate the occurrence of two over- VErsus 1Tp plots given |nF|lg. 4(a) The obtainecE. value

lapping reactions. Therefore, it was decided to study their Was 22356 + 4.12kJmor™. For other melt-spun metal-

crystallization kinetics as a whole, as if it was a single crys- 1€ glasses, namely, keBzo [28-30} PdsoSizo [31-33]

tallization peak. and CasBys [34], the values ofE; are 202.60-260.49,
The activation energy of crystallizatiokd) for the inves- ~ 299:08-366.62 and 221.90kJ mé) respectively. It is a

tigated FesB17 metallic glass has been estimated using the COMmon practice also to infem(n)Ec from the slope of

following methods. In(x) versus 1T, plot itself. Fig. 4(b) shows the plot of
Kissinger’s method [11], which relates the dependence of N(«) versus 1Ty, data the melt-spun ggB17 metallic glass.

the crystallization peak temperatufg on the heating rate The value of (Vn)E; obtained from such a plot is listed

(@) by the following equation in Table 2(column 5). To evaluat&., a knowledge ofm
andn, that is, some details of the crystallization process are
o Ec necessary.
In T_lg - _R_Tp + constant @ The modified Johnson-Mehl-Avrami equation concern-

ing the kinetics of phase transformation involving nucle-
it was derived for the rate equation of the n th order chem- ation and growth under isothermal conditions is generally
ical reaction, and is generally usgti7—19] However, this  used to analyze the crystallization process. For applicability

equation has been recently modifi@d—25] to the follow- of this equation to non-isothermal crystallization process,
ing form several conditions will have to be satisfi¢?]. To check
i the validity of interpretation of the crystallization data ob-
In (0‘_> - _ MEe +InK 2) tained presently in terms of the JMA equation, the suggested
T3 RT,
where K is a constant containing factors depending on Taple 2
the thermal history of the sample, amdand m are con- Data onm, n andE¢ for the melt-spun RgB;7 metallic glass
stants having values between one and four depending Ong o 1nCin — )] From In From I
the morphology of the growthTable 1shows the values s, 1/r and vs. Inx data vs. 17T, data vs. 17T, data
of n andm for various crystallization mechanisni6,27]. mE. n m E (WNE; E. (MnE; E.

When nuclei form during DSC scanning,= m + 1 [27].
The value ofE; is obtained from the slope of da/sz)

47050 3.25 2 235.25 137.57 22356 136.01 221.01
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Fig. 6. plot of In-In(1 — x)] as a function of In¢) at three different

Fig. 5. plot of In-In(1 — x)] vs. 10007 at three different heating rates temperatures for kgB1; metallic glass.

for the Fg3B17 metallic glass.

the glass. The calculated value of n is not an integer, which
means that the crystallization process ogdBa; metallic
glass occurs with different mechanisms and the predomi-
nant one is the process in whieh= 3 [24,38] Therefore,
the value of the correspondingis equal to 2. Therefore it
is somewhat reasonable to suggest that thgBe crystal-
lization process can be carried out by a bulk crystallization
in two dimensions.

The E¢ value is calculated also using the variationTgf
1.052 mk with the heating ratex for the crystallization of F&B17

cursory checK9], namely, whether the fractiopp trans-
formed atTp is around 0.6-0.63 was used. For the present
melt-spun FgzB17 metallic glass for all the heating rates,
values ofxp at T, are found in the range 0.60-0.63.

For non-isothermal crystallization, the volume fraction of
crystalsy, precipitated in a glass heated at a uniform heat-
ing ratex is related toE; through the following expression
[13,25-27,35]

In[—In( — 0] = —nn(@) — ———+constant () epa)iic glassEgs. (L) and (2)can be rewritten in the form
wherem andn are numerical factors already defined above. o Ec

n|{— )| = —== + constant 4
Fig. 5 shows the plot of InfFIn(1 — x)] versus 1T at vari- (T@) RT¢ + @

ous heating rates. This plot is found to be linear over most
of the temperature range. At high temperatures or in the re-and

gions of large crystallization fractions, a slight deviation in In(ar) = — (ﬂ) E + constant (5)
the linearity or rather a decrease of the initial slope is ob- n/ RTg

ser\;]ed forall heatinfg rhates.'l'lhis deviation courl]d t;e atltributed Fig. 7 shows plots of such relations and the deduced
to the saturation of the nucleation sites in the final stages ) o

of crystallization[36,37] The other possibility to explaing Ec value (averaged) for fggBs7 crystallization is 22101+
such a behavior could be the restriction of crystal growth

by the small size of the particlg¢88]. Here, the analysis is 9.6 45

restricted to the initial linear region which extends over a @

large temperature rang24]. R lao0
The values ofmE, at different heating rates can be ob- -10.21

tained from the slope dfig. 5and seemed to be indepen- 135

dent of the heating rate. Therefore, an averagmief was = 1084 () o

. . . . ° c

calculated by considering all the heating rates. 3 . lao™
The data of~ig. 5are used to evaluate r[n(1— x)] as < '

a function of In) for the crystallization of the as-prepared -11.4

Fes3B17 metallic glass and are given Fig. 6 at three dif- 1%°

ferent temperatures namely, 300, 305 and 310 K. Similarly,

the value ofn has been evaluated from the slopes of these 1207 —— - —— —-—— ——— =~ 20

relations, and the average valuerofvas calculated to be
3.25. For Fg3B17 metallic glass, no specific heat treatment
was performed prior to the DSC scans to nucleate the sam-ig. 7. (a) plot of It/ T2) vs. 10007, for the FesBi; metallic glass,
ple. Therefore, n is considered to be equali#o+ 1) for (b) plot of In@) vs. 10007, for the FgsB17 metallic glass.

1000K/T,
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2 3 energy of growthEg of this melt-spun FgB17 metallic

. glass.
(b)

(a) 4, Conclusions

The XRD and SEM measurements showed that the inves-
tigated Fg3B17 metallic glass crystallizes through lkeeand
FeB phases. This is consistent with the equilibrium phase
diagram for Fego_ B, binary alloy system in the measured
temperature range.

-i o 170 e T2 e 1 4—45 The calculations of the activation energy of crystalliza-
' ' ' ' ' ' tion E. revealed that the results obtained by Kissinger and
1000K/Tp Augis—Bennett models, are in good agreement. The slight
difference betweelk; values obtained by both models and
those obtained on the basis of IMA model could be attributed
to the applicability of JMA equation to non-isothermal ki-
o _ netics of the FgB17 metallic glass investigated. Finally,
6.28kJmot ™ which is in good agreement with the above pased on the modified JMA model, it can be reasonably sug-

Ina/ (Tp-TO)
@
I
Ina/T

Fig. 8. (a) plot of Inf/(T, — T5)] vs. 10007, for the FgsBi7 metallic
glass., (b) plot of Ing/Tp) vs. 10007, for the Feg3B17 metallic glass.

resultg. o gested that the crystallization process of thgsBe7 metal-
Augis and Bennett's method [12], which gives the depen-  |ic glass is carried out by a bulk crystallization growth in
dence ofTp on« in the following form two dimensions. The results further indicate that the activa-
o E. tion energy Ec) measured by non-isothermal measurements
n [m} =R, + constant (6)  correspond to the activation energy for crystal grovg)(

in this melt-spun FgB17 metallic glass.
whereT, is the initial temperature (room temperature) of

DSC thermal curvesFig. 8(a) shows the relationship of

In[a/(Tp — To)] versus 1T, (Eqg. (6). The deduced value  References
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