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Kinetics of thermal devitrification
(crystallization) of Fe,Cr B, glassy alloys

MILENKO V. SUSIC

Institute of Physical Chemistry, Faculty of Sciences, University of Belgrade, Studentski trg 16,

YU 77000 Beograd, Yugoslavia
SERGEI U. PAN

Institute of Problems Materials Sciences, Acad. Sci., Krzizanovskogo 3 Kiev, USSR

ALEKSA M. MARICIC

Technical Faculty, B. Kidrié, b. b. Cacdak, Yugoslavia

Devitrification process of four glassy Fe,Cr, B, alloys of different composition was investigated
by both methods, differential-scanning-calorimetry and X-ray diffraction. It is shown that the
crystallization process proceeds via one or two stages depending on the alloy composition.
Kinetic parameters for the crystallization process (activation energy, rate constant, frequency
factor) as well as the crystallization enthalpy are determined for all four alloys that are used. It
is shown that exothermal maxima on DSC thermograms correspond to the crystallization
process when polycrystalline Fe, B and FeB phases are formed.

1. Introduction
Metallic glasses (MG) are considered as a new
important class of disordered solid materials, so they
have been the subject of a growing number of investi-
gations. These investigations enable acquiring of more
fundamental knowledge about the amorphous state of
materials in general, as well as for important tech-
nology properties which originate from the absence of
crystalline structure. Although a general theory of the
disordered state of matter still has not been set up, it
may be stated that some theoretical models do hold —
the dense packing model [1], the microcrystalline
model and random packing of an atomic cluster [2].
There are several developed methods for obtaining
glassy metals and they are all based on the rapid
cooling of liquid metals and alloys or on the vapors
condensing (precipitating) on a cold support [3-6].
Depending on the chemical composition, various
materials form glassy states with more or less
difficulty. Some amorphous alloys are commer-
cially manufactured, for example, iron based alloys
(Feosi By.i3s Sl 033 Co005 Feoa0Nig 33 M0g 4By 15, €tc.).
The crystallization of metallic glasses proceeds step-
wise. Crystallization-theory indicates three types of the
process [7] — (i) polymorphic crystallization, (ii) pri-
mary crystallization and, (iii) eutectic crystallization,
which is proved by various methods. The most rele-
vant ones are the measurements of electrical conduc-
tivity, mechanical and other properties in the course of
heating. Thus it was shown that the amorphous alloy
(Metglass 2826A) Fe, 5, Nig 16Cry 4 Po 12 By o Crystallizes
in three steps. This is seen by the change in electrical
resistance and DSC thermograms. The first step is
primary and the second one is polymorphic-crystal-
lization, while during the third step, a phase transition
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occurs upon completed crystallization. During the first
step a-Fe phase is formed, while the amorphous phase
is enriched with boron until the metastable equi-
librium «-Fe 4+ amorphous phase Fe-B is established,
after this polymorphic crystallization with the forming
of Fe,B phase takes place.

The crystallization process of amorphous alloys
FeggoSigBoo and Fegg; By, [8] was analyzed by
measuring the volume changes during heating and by
electronic microscopy. It was shown that in the first
step a-Fe separates from the amorphous matrix
which leads to the concentration changes, atom redis-
tribution and formation of the Fe,B phase. Investi-
gations of the changes in mechanical properties of
amorphous alloys Feg 4 Moy By 15 Nigsg, Fegz0Si0.10-
By 12 Niges and CogeFeg s Nip 0By s as a function of
temperature indicate similar behaviour [9].

Science and technology research shows pronounced
interest for electric transport in glass metals, as
it is related to atomic and electronic structure of the
material, so that electric conductivity of glass alloys is
a nominal characteristic of those materials.

At the moment there are several theories which are
attempting to explain electron transport. Ziman bases
his theory on electronic properties of liquid metals
[10]. The intentions of this theory go only as far as to
explain the conductivity of simple metals. Giintherodt
and Kiinzi [11] show that there exists a pronounced
similarity between electric transport of liquid metals
and that of metallic glass, stressing that, in the process
of practical investigations, metallic glasses prove to be
more favourable than liquid metals, as their structure
remains unchanged in a wide temperature range.

Mooij [12] points out the great significance of
the relation between the electric resistivity and the
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temperature resistance coefficient for a variety of dif-
ferent materials. He also establishes the correlation
between the resistivity and the temperature coefficient
(condition for a negative temperature coefficient being
that the resistivity ¢ = 150 gohmem). It seems that
the phenomenon of the negative coefficient is general
for materials which possess high resisitivity.

In this paper we investigated the devitrification
(crystallization) process of some of the Fe, Cr B,
glassy alloys by both methods, DSC and X-ray diffrac-
tion, correlated with the thermal change of the electri-
cal resistance.

2. Experimental

Investigations of thermal stability (devitrification)
of glassy alloys, Fe Cr,B,, with different compo-
sition in at% — (I) Fe,Cr;sB,s, (II) Fe,;sCryoBs,
(III) Feg,CrsBy; and (IV) FegBj;, were done by
thermal analyzer Du Pont 1090 using differential scan-
ning calorimetry method (DSC) in hydrogen, nitrogen
or argon atmosphere. Samples were in a ribbon-like
form, about 0.001cm thick, obtained by rapid
quenching of a liquid alloy using cold rotating disc
surface, i.e., by spinning method. Structure investi-
gations before and after devitrification process were
done by Philips PW 1051 diffractometer using CukK,
radiation and graphite monochromator. The samples
of several milligrams were enough to show, on DSC
thermograms at particular temperatures, character-
istic exo-maxima of irreversible devitrification
processes.

Kinetic analysis of the process was done on the basis
of the change of heating rate of DSC cell, as shown
in some previous papers [10, 11]. Namely, log (8/7%)
vs 1/T is a straight line with the slope A log (BT ?)/
AT ' = —ER ', thenk = Zexp [— E(RT) '] and
Z = {Bexp [E(RT) '1(RT) *}, where § is the heat-
ing rate in Kmin~', T = peak temperature of the
exo-maximum, k = rate constant of devitrification
process, £ = activation energy and Z = frequency
factor of the process.

3. Results and discussion

DSC thermograms show that glassy alloys are trans-
ferred, in the flow atmosphere of mentioned gases and
at the particular temperature, to crystalline state
through one or two stages. Fig. 1 shows DSC thermo-
grams for all four glassy alloys. It can be seen that
only alloy TV crystallizes through one stage, while the
other three crystallize via two stages which are clearly
separated only at alioy III; the first crystallization
stage of alloys I and II can be noticed only from the
asymmetry at the beginning of the exo-maximum.
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Figure 1 DSC thermograms of glassy alloys marked with I, 11, IT1
and IV according to the text, 25K in hydrogen.

From the correlation of composition and number of
crystallization stages no connection can be seen, same
as from the crystallization temperature, i.e. stability,
although all thermograms shown are obtained in the
flow atmosphere of hydrogen.

Kinetics of the crystallization was investigated in
the above described manner. Fig. 2 shows straight line
dependence log (BT ?) vs 1T~ for all four alloys, and
from the straight line slopes kinetic parameters of the
crystallization for every alloy are determined and
given in Table I. If the exo-maximum peak tempera-
ture, T,,, is taken as the measure of glassy alloy ther-
mal stability, then from Table I, it can be seen that the
most stable alloy is one marked I, and then alloy II,
both of them containing higher and lower concen-
trations of Cr, B and Fe respectively, unlike to alloys
IIT and TV.

Being that activation energies are quite high it
follows that frequency factors are correspondingly
also high. Crystallization rate constants are high for
all alloys, but the constant for the most stable alloy 1
is quite higher than the constants for the other alloys.
Crystallization enthalpies, which are determined by
computer integration of the area under the maximum
and on which accuracy only the subjective limit deter-
minations for integration can influence, are of signifi-
cant magnitude and there are no differences among
them. Crystallization rate constant dependences on
temperature are shown on Fig. 3. It can be seen that
rate constants rise rapidly with the increase of tem-
perature but specifically for every alloy.

X-ray diffractograms of glassy and crystalline
samples are shown on Fig. 4. It can be seen that alloys
in glassy state contain no ordered phases detectable to
X-rays (diffractogram 1). However, after heating

TABLE 1 Kinetic parameters of the crystallization process of investigated alloys in hydrogen atmosphere

Alloy stage slope EXkJmol™! T, K Zmin™! k min ™! AHJ g™
I 1 —37.04 x 10° 209.15 773.3 222 x 10% 2.84 82
11 1 —23.81 x 10° 455.87 763.2 4.87 x 10 1.90 92
111 1 —14.58 x 10° 279.23 726.1 1.92 x 10% 1.28
2 —17.50 x 10° 335.07 749.7 3.12 x 105 1.43 95
v 1 —10.00 x 10° 191.48 728.3 5.73 x 10" 0.88 80
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Figure 2 Energy activation plot of log (BT *) vs 1 x T~'.

above crystallization temperature only one relatively
poor reflection maximum at 44.5° 26 appears at all
alloys, and most probably corresponds to the primary
crystallization during which polycrystalline phases
a-Fe, FeB and Fe, B are formed, as in some other cases
of glassy alloy crystallization when alloy contains sig-
nificant content of iron (12). In this case, it seems that
only microcrystallites of mentioned phases are formed
by crystallization, with quite small dimensions, and as
a consequence reflection maxima of low intensity are
obtained. Further, it is shown that reflection intensity
does not become more intense even when the sample
stays for longer time at the temperature above crystal-
lization temperature. It seems that the presence of
chromium is the consequence of such behaviour.
Crystallization process of both stages takes place at
450°C (723 K) for alloy III, because the thermal pro-
cesses are quite close one to another

Electric conductivity of the investigated alloys
behaves rather irregularly in hydrogen atmosphere
within the temperature range of the glass state
stability, showing a nonlinear and very pronounced
relative resistance rise, which is influenced by the alloy
composition, too, Fig. 5. The maximum of the relative
resistance is achieved at the temperature which
precedes the process of crystallization. When crystal-
lization ensues, the relative resistance steeply drops in
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Figure 3 Rate constant dependence on temperature for devitrifica-
tion process of glassy alloys I-1V.
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Figure 4 X-ray diffractograms for the alloys: 1. non-heated alloy I,
2. heated alloy II up to 530°C (803 K), 3. heated alloy III up to
450°C (723K), 4. heated alloy I up to 530°C (803 K).
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Figure 5 Temperature dependence of the relative resistance for the
glassy alloys I-1V.
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or or two steps, following the step process of crystal-
lization. After crystallization, the relative resistance
changes with temperature almost linearly, having a
positive temperature coefficient. The irregular rise of
the resistance of these glass alloys with temperature is
unusual with respect to the usual behaviour of the
glass alloys, which, to a smaller or greater extent,
agree with theoretically predicted behaviours. The
steep rise of the conductivity at the temperature of
crystallization is a consequence of structure arranging,
which enables extension of the electron mean free path
and the increase of the number of ionic, at the expense
of covalent bonds, as we have shown in the previous

paper [16].

4. Conclusions
Thermal behaviour (stability) of some glassy alloys of
type Fe,Cr, B, is shown by both methods, DSC
calorimetry and X-ray diffraction. Transition of glassy
to crystalline state takes place at different tem-
peratures and the process itself performs via two
stages, except for alloy IV (which contains no Cr), as
can be seen from the asymmetry of DSC thermo-
grams. The thermal stability increases with the rise of
Cr and B content and with lowering Fe content. Crys-
tallization rate constants are significant and increase
rapidly by temperature rise. Crystallization activation
energies are quite high and depend on the alloy com-
position; it seems that the main contribution to the
high activation energy values is the content of Fe, Cr
and B, which is the most favourable for alloy II.
According to X-ray analysis during crystallization
microcrystalline o-Fe, FeB and Fe,B phases of low
reflection are formed.

Relative resistances of amorphous samples show
irregular behaviour with a positive temperature coef-
ficient of resistivity within the temperature range of

1372

glass-state stability. At crystallization temperature the
resistance drops abruptly, following completely the
process of crystallization as it goes on. The rise of
conductivity (drop of resistance) is attributed to the
extension of the electron mean free path and to the
increase of the number of ionic at the expense of
covalent bonds, due to arranging (crystallization) of
the alloys.
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