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ABSTRACT

A study of the crystallization kinetics of amorphous alloys in the Cu-As—Se system was
made using a method in which the crystallization rate is deduced bearing in mind the
dependence of the reaction rate constant on time, through temperature. The method was
applied to the experimental data obtained by differential scanning calorimetry, using continu-
ous-heating techniques. The kinetic parameters determined have made it possible to discuss
the glass-forming ability, as well as the different types of nucleation and crystal growth
exhibited by the alloys studied.

INTRODUCTION

The crystallization kinetics of glasses can be analysed using a wide variety
of thermoanalytical techniques [1], each of which relies on a theoretical
model [2] capable of partially describing the phenomenon involved. Owing
to the complexity of the crystallization mechanisms, no one theory can be
adopted which is capable of explaining the behaviour of any given glass as it
crystallizes, and so all the methods that have been proposed have been
subjected to comparative criticism [1], and even the mathematical develop-
ments on which they are based have been questioned [3].

Generally speaking, it is admitted that each type of amorphous material
exhibits a behaviour which is most approximately described by one tech-
nique or another. For example, the crystallization of bulk chalcogenide
glasses is considered to be adequately described by the Johnson—Mehl-
Avrami theoretical model [2,4], to which different thermoanalytical tech-
niques can be applied [2,5,6].

The alloys studied in this work, Cu As,_,Se,s, where x =0.05 (M1),
x=0.1 (M2) and x=0.2 (M3), are located in the centre of the area of
homogeneous glasses corresponding to the composition diagram of the
ternary system [7]. The crystallization kinetics of the alloys were analysed
using differential scanning calorimetry (DSC), with continuous-heating
methods.
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THEORY

The theoretical basis for the interpretation of the DSC results is provided
by the formal theory of transformation kinetics, as developed by Johnson,
Mehl and Avrami [8§-10]. In its basic form, the theory describes the
evolution over time of the crystallized fraction x in terms of the nucleation
frequency per unit volume 7, and the crystalline growth rate u

x=1—exp[—g./:1‘,(./:u df)m dt'] (1)

where g is a geometric factor which depends on the shape of the crystalline
growth and m is a parameter which depends on the mechanism of growth
and the dimensionality of the crystal. For the important case of isothermal
crystallization with time-independent nucleation and growth rates, eqn. (1)
can be integrated to obtain

x=1—exp(—g'Iu™t") (2)

where n=m+ 1 for I, #+ 0 and g’ is a new shape factor. Expression (2) can
be identified with the Johnson—-Mehl-Avrami relationship

x=1—exp(—(Kt)") (3)

in which X is defined as the reaction rate constant, which is usually assigned
an Arrhenian temperature dependence

K=K,e ¥/*T (4)

where E is the effective activation energy which describes the overall
crystallization process and K, is the frequency factor. Comparison of eqns.
(2) and (3) shows that K" is proportional to I u™ and, therefore, the
consideration of an Arrhenian temperature dependence for K is only valid
when [, and u vary with temperature in an Arrhenian manner.

In general, nucleation frequency and crystalline growth rate exhibit far
from Arrhenius-type behaviour [11,12]; however, for a sufficiently limited
temperature range, such as the range of crystallization peaks in DSC
experiments, both magnitudes can be considered to exhibit said behaviour.

It is a well-known fact that eqns. (3) and (4) are used as the basis of
nearly all DTA and DSC crystallization experiments, but it must be noted
that expression (3) can only be applied accurately in experiments carried out
under isothermal conditions, for which i1t was deduced. However, this
expression is often used for deducing relationships describing non-isother-
mal crystallization processes, because the values obtained for kinetic param-
eters are in good agreement with those determined through other methods.
In spite of this, it is more accurate to integrate eqn. (1) under non-isothermal
conditions and to consider that both 7, and ¥ have an Arrhenian tempera-
ture dependence, resulting in an expression like eqn. (3), as proved by de
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Bruijn et al. [13]. From this point of view, the crystallization rate is obtained
by deriving expression (3) with respect to time, bearing in mind the fact that,
in the non-isothermal process, the reaction rate constant is a time function
through its Arrhenian temperature dependence [14], resulting in

%=n(Kt)"_l[t%+K](l—x) ()

The maximum crystallization rate is found by making d?x/d:? =0, thus
obtaining the relationship
dK

]—n(m)"[zF +Kr ~0  (6)

K, K
d¢ d:?

2
(n—1)[tidlt£ +K] + Kt

in which by substituting dK/d¢ and d?K/d¢? for their expressions and
introducing the heating rate 8 = d7T/d¢, we obtain the expression

E\ E\?
e ] 1)
( B )= n

which relates the kinetic crystallization parameters £ and n to the magni-
tude values (denoted by subscript p) that can be determined experimentally,
and which correspond to the maximum crystallization rate.

Expression (7) has been specified for two interesting approximations as
follows.

(1) The case where the activation energy E of the crystallization process is
much less than RT,, in which case it is verified that

K,T\" n-1

y,= —In(1 —xp)=( Zp) =—

(7)

(8)

which makes it possible to determine the reaction order n from the experi-
mental value of the crystallized fraction x,, corresponding to the maximum
crystallization rate. By taking logarithms in eqn. (8) we obtain

In TP = E L _
,3}’;1,/" R Tp

In K, )

the equation of a straight line the slope of which gives the activation energy,
and from the ordinate at the origin the frequency factor, K, is obtained.
(i) If E> RT,, the result obtained is

yﬁ(%‘z):l (10)

an expression from which it is deduced that the crystallized fraction for the
maximum crystallization rate is 0.63, which, as may be observed, is indepen-
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dent of the heating rate and the reaction order. The logarithmic form of eqn.
(10) is

L _E1

In — —In K, (11)

B RT,
a linear relationship which makes it possible to calculate parameters £ and
K,. At the same time, if the relationship K7, /8 =1 is introduced into eqn.
(5), we obtain

dx
(& )2

"T03TEK, (12)

which makes it possible to calculate the reaction order or kinetic exponent
n.

It should be noted that in non-isothermal crystallization experiments
where the reaction rate constant may be considered to be temperature
dependent according to the Arrhenius relationship, the aforementioned

approximation is the most adequate, because in most crystallization reac-
tions E/RT, > 1 (usually E/RT, > 25) [1].

EXPERIMENTAL

The alloys were made in bulk form, from their components of 99.99%
purity which were pulverized to less than 64 pum, mixed in adequate
proportions, and introduced into quartz ampoules. The ampoules were
subjected to an alternating process of filling and vacuuming of inert gas, in
order to ensure the absence of oxygen inside. This ended with a final
vacuuming process of up to 107> Torr, and sealing with an oxyacetylene
burner. The ampoules were put into a furnace at 950 ° C for 3 h, turning at
1/3 r.p.m., in order to guarantee the homogeneity of the melted material,
and then quenched in air to avoid crystallization.

The capsules containing the samples were then put into a mixture of
hydrofluoridic acid and hydrogen peroxide in order to corrode the quartz
and make it easier to extract the alloys.

The glassy nature of the materials was confirmed by X-ray diffractometric
scanning, in a Siemens D-500 diffractometer, showing an absence of the
peaks which are characteristic of crystalline phases. Figure 1 shows the
gorresponding diffractograms obtained with Mo Ka radiation (A = 0.71069
A).

The calorimetric measurements were carried out in a Thermoflex DSC
(Rigaku Corporation), to which an inert gas external installation was con-
nected in order to ensure a constant He-55 flow of 60 cm® min ™', to drag
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Fig. 1. Diffractograms of the three alloys M1-M3.

the gasses generated during the crystallization reactions, which, as is char-
acteristic of chalcogenide matenals, are very polluting for the DSC sensor
equipment. The instrument was calibrated at the temperatures correspond-
ing to the In, Sn and Pb melting points, and to a heating rate of 8 K min™".

The crystallizing experiments were carried out through continuous heating
at rates 8 of 2, 4, 8, 16 and 32 K min™!, and the masses used were kept
within the range 12-26 mg. The pulverized samples were crimped (but not
hermetically sealed) into aluminum pans, and empty aluminum pans were
used as reference.

RESULTS AND DISCUSSION

The DSC registers give two crystallization peaks for atlloy M1, one for M2
and three for M3, as shown in Fig. 2 with the registers corresponding to a
heating rate of 16 K min~!, for the three alloys. The two peaks shown for
alloy M1 overlap for all values of B, and so it was not possible to resolve
them by using any of the usual numerical techniques. It seemed more
adequate to study their crystallization kinetics as a whole, as if it were only
one crystallization peak.

The three exothermal peaks corresponding to alloy M3 also overlap, in
general; however, it was possible to resolve them by using numerical
analysis. The third peak is well defined for heating rates of 16 and 32 K

min~!. It is also observed that the second crystallization peak of this
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Fig. 2. Thermograms, at 8 =16 K min~!, for the three alloys M1-M3.

compound has an area equal to approximately 30% of each of the other two
peaks, which have very similar areas.

The variation intervals of the magnitudes described by the thermograms,
for different heating rates and for the three alloys are given in Table 1,
where T, is the glass transition temperature, 7}, and 7, are the temperatures
at which crystallization begins and that corresponding to the maximum
crystallization rate, respectively, and AT is the width of the peak. The
crystallization enthalpies AH were also determined, for the same heating
rate at which the device was calibrated.

TABLE 1

The characteristic temperatures and enthalpies of the crystallization processes of alloys
M1-M3

Parameter ® M1 M2 M3

Peak 1 Peak II Peak III
T, (K) 449-466 453-469 446-464
T;, (K) 533-561 543-565 491-505 523-537 539-587
T, (K) 563-572 552-580 506-530 530-555 556-617
AT (K) 55- 80 20- 44 34- 48 12— 50 28— 60
AH (mcal mg™1) 11.06 3.79 10.69 3.83 11.07

2 See text for definitions.
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Fig. 3. Exothermal curves for M2 and the third stage of M3 for the crystallization peaks at
heating rates of 2, 4, 8, 16 and 32 K min~'.

The area under the DSC curve is directly proportional to the total amount
of alloy crystallized. The ratio between the ordinates and the total area of
the peak gives the corresponding crystallization rates, which makes it
possible to build the curves of the exothermal peaks represented in Fig. 3, as
an example, for alloy M2 and for the third peak of M3. It may be observed
from Fig. 3 that the (dx/dz), values increase in the same proportion as the
heating rate, a property which has been widely discussed in the literature
[15], and which is less evident in the case of hard-to-solve multiple peaks.

Bearing in mind that, in most crystallization processes, the activation
energy is much larger than the product RT, the crystallization kinetics of the
alloys in question were studied according to the appropriate approximation,
described in the preceding theory. In alloy MI, it was observed that,
immediately after completion of the crystallization process, the compound
begins to melt. This is why the evaluation of the peak for high values of 8 is
so uncertain that it seems advisable to ignore the experimental curve
corresponding to 8 =32 K min~! when studying the crystallization kinetics
of alloy M1.
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Fig. 4. Plots of In(7, /B) versus 1/7, and straight regression lines for all the peaks of the
alloys M1-M3.

The plots of In(7,/B) versus 1/T, at each heating rate and for all the
experimental peaks, and also the straight regression lines carried out are
shown in Fig. 4. From the slope of these experimental straight lines,
according to expression (11), it is possible to deduce the values of the
activation energy, E, for the crystallization processes studied. In addition,
the origin ordinate of these straight lines gives the values corresponding to
the frequency factors K, which are given in Table 2 together with the
activation energies.

By using the values of the frequency factor and the activation energy of
the whole process, it is possible to calculate the value of the reaction rate
constant, at each heating rate, which corresponds to the maximum crystalli-
zation rate. The results for both magnitudes are shown in Table 3. These
values make it possible to determine, through relationship (12), the reaction
order n of each process corresponding to each one of the experimental
heating rates. This parameter is also shown in Table 3, where the rate
constant corresponding to the maximum may also be observed to exhibit a
similar behaviour for the crystallization rate peak values, in relation to the
heating rates.

In agreement with the Avrami theory of nucleation, the mean values for
the kinetic exponent show a two-dimensional growth for alloy M2, a

TABLE 2
The activation energies and frequency factors of alloys M1-M3
Parameter M1 M2 M3
Peak I Peak 11 Peak 111
E (kcal mol™1) 30.7 60.6 59.8 67.1 29.6

Ko (sg™ 6 x107 7.7 x10"Y 6.2x10% 3.2x10% 2.7%x107
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TABLE 3

The maximum crystallization rates, corresponding rate constants and kinetic exponents for
the different heating rates

Alloy B (dx/dr), 10° K, 10° (K, n (n)
Kmin™) (7 ¢™H T 6T
M1 2 0.00113 0.063 0.210 1.75 17
4 0.00165 0.104 1.58
8 0.00342 0.241 1.46
16 0.00752 0.433 1.83
M2 2 0.00342 0.065 0.366 2.6 2.0
4 0.00531 0.118 22
8 0.00965 0.211 2.3
16 0.01443 0.464 1.6
32 0.02860 0.970 1.5
M31 2 0.00249 0.071 0.402 1.6 1.3
4 0.00342 0.130 1.2
8 0.00699 0.236 14
16 0.01378 0.478 1.3
32 0.02824 1.096 1.2
11 2 0.00412 0.058 0.371 30 1.9
4 0.00489 0.142 1.5
8 0.00875 0.247 15
16 0.02104 0.463 2.0
32 0.03005 0.945 1.4
I 2 0.00265 0.058 0.339 4.5 3.6
4 0.00394 0.121 34
8 0.00692 0.222 33
16 0.01444 0.475 3.3
32 0.02379 0.820 3.2

one-dimensional growth for M1 and the first two peaks of M3, and a
three-dimensional nucleation and growth process for the third stage of the
latter [12,16,17).

Glass-forming ability (GFA) can be evaluated in terms of (K ), as the
meaning of the crystallization reaction rate constant [6,18]. In this sense it
can be estimated that M2 and M3 have a similar GFA, although there is a
decrease in this parameter as the copper concentration increases. This fact is
also made evident by the values given in Table 2 for E and K, from which
it may be observed that, for alloy M2 and the first two peaks of M3, the
activation energies of the process are very similar, which means that the
energy barrier which the glassy material must go through in order to attain
the crystalline state is practically the same. On the other hand, the value of
the frequency factors (which measure the probability of molecular collisions
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effective for the formation of the activated complexes, in each case), are
much greater for the aforementioned peaks of M3, thus implying a greater
crystallizing ability for the compound containing more copper.

The similarity between the values deduced for kinetic parameters £ and
K,, in alloy M1 and the third stage of M3, as well as the equality of the
calculated enthalpies (Table 1), make it possible to expound the hypothesis
that this peak of the latter alloy corresponds to a crystallization process of a
phase which is analogous to that which crystallized in the case of alloy M1,
i.e. the residual estechiometry of M3, after the first two crystallization
processes, is of the same type as that originating the process in M1.

CONCLUSIONS

The alloys of the Cu—As-Se system exhibit multiple crystallization peaks,
which shows the ability of Cu to form crystalline compounds, both binary
and ternary, with the elements As and Se. In some of the alloys the
crystallization peaks are so close together that they cannot be solved through
the usual numerical techniques.

The method applied to the analysis of the crystallization kinetics of these
alloys proved to be efficient and accurate, giving results which were in good
agreement with the nature of the alloys under study, which are representa-
tive of different nucleation and crystalline-growth processes, according to
the values found for the Avrami index.

The values obtained for the activation energies and the frequency factors
make it possible to establish a criterion as to the GFA of these alloys,
leading to the conclusion that, the greater the Cu concentration, the more
difficult is the glass forming process in the system.
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