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Abstract

The glass formation and devitrification of alloys in the Cu—As—Te system were studied by differential scanning
calorimetry. A comparison of various simple quantitative methods to assess the level of stability of the glassy materials in
the above mentioned system is presented. All of these methods are based on characteristic temperatures, such as the glass
transition temperature, T,, the temperature at which crystallization begins, T,,, the temperature corresponding to the
maximum crystallization rate, T,, or the melting temperature, T,. In this work a new parameter K,(T) is added to the
stability criteria. The stability of some ternary compounds of Cu,As; s5_,T€, 45 type has been evaluated experimentally and
correlated with the activation energies of crystallization by this new kinetic criterion and compared with those evaluated by
other criteria. © 1998 Elsevier Science B.V. All rights reserved

PACS: 81.05.Ge; 81.05.Kf

Keywords: Thermal stability; Differential scanning calorimetry; Continuous heating; Volume fraction crystallized; Kinetic parameters;
Stability criteria; Reaction rate constant

1. Introduction

Traditionally solid state physics has meant crystal
physics. Solidity and crystallinity are considered as
synonymous in the texts on condensed matter. Yet,
one of the most active fields of solid state research in
recent years has been the study of solids that are not
crystals, solids in which the arrangement of the
atoms lacks the slightest vestige of long-range order.
The advances that have been made in the physics
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and chemistry of these materials, which are known
as amorphous solids or as glasses, have been widely
appreciated within the research community. Glassy
aloys of chalcogen elements were the initial object
of study because of their interesting semiconducting
properties [1] and more recent importance in optical
recording [2]. Recording materials must be stable in
the amorphous state at low temperature and have a
short crystallization time. Tellurium alloy films, in
particular, are used as recording media as they have
alow melting temperature and high absorption coef-
ficient for the wavelengths of semiconducting lasers;
promising materials with these characteristics have
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recently been studied [3,4]. Therefore it is very im-
portant to know the glass stability and chemical
durability of this type of materials. However, no
simple way presently exists to formulate the corrdla
tion between the ideal composition and the stability
of the glasses.

In order to evaluate the level of stability of the
glassy dloys, different simple quantitative methods
have been suggested. Most of these methods [5-9]
are based on characteristic temperatures such as the
glass trangition temperature, T, the crystallization
temperature, T,, or the melting temperature, T,.
Some of them [10,11] are based on the reaction rate
constant, K. Some of the others [12-14] are based
on crystallization activation energy. These thermal
parameters are easily and accurately obtained by
differential scanning calorimetry (DSC) during the
heating processes of glass samples. Dietzel intro-
duced the first glass criterion, AT =T, — T, (T,, is
the temperature at which crystalization begins),
which is often an important parameter to evaluate the
glass forming ability of the glasses. By the use of
characteristic temperatures, Hruby developed the Hr
criterion, Hr = AT /(T — T,). On the basis of the Hr
criterion, Saad and Poulain obtained two other crite-
ria, weighted thermal stability H" and S criterion,
H'=AT/T,, S=(T,— T, )AT/T, respectively.

In the present work, the above-mentioned criteria
have been applied to the alloys Cu,ASyss_,T€; 45
where x=0.10 (S1), x=0.20 (S2) and x=0.25
(S3), and it is found that the parameters AT, Hr, H’
and S increase with increasing copper content. Bear-
ing in mind that the values of these parameters
increase with increasing stability, it is possible to
suggest that the bigger the copper content of the
alloy, the greater is its glass thermal stability [15]. In
addition, a kinetic parameter, K,(T), with an Arrhe-
nian temperature dependence, is introduced to the
stability criteria. Decreasing values of the above
parameter have been found for the aloys with in-
creasing copper content. This fact confirms that S3
aloy is the most stable one.

2. Theoretical analysis

The formal theory of transformation kinetics de-
scribes the evolution with time, t, of the volume

fraction crystallized, x, intermsof the crystal growth,
u

Xx=1—exp

—g(fotudt’)n} =1-exp(—glf).
(1)

Here g is a geometric factor and n is an exponent
which depends on the mechanism of transformation.
In Eqg. (1) it is assumed that the nucleation process
takes place early in the transformation and the nucle-
ation rate is zero thereafter. This case has been
referred to as ‘site saturation’ by Cahn [16,17].

Although, in general, the temperature dependence
of the crystal growth rate is not Arrhenian when a
broad range of temperature is considered [18], how-
ever, over a sufficiently limited range of temperature
(such as the range of crystallization peaks in DSC
experiments), u may be described in a zeroth-order
approximation by

u= U, exp(—E/RT) (2)

where E is the effective activation energy for crystal

growth and R is the ideal gas constant.
Differentiating Eg. (1) with respect to time and

substituting Eq. (2) in the resulting expression, the

crystallization rate is obtained as

dx

i n(1—x) I K, exp( —E/RT)

=nK(1—-x)I1]"? (3)

K being the reaction rate constant.
The maximum crystalization rate is found by
making d?x/dt? = 0, thus obtaining the relationship

NKo(17)1p = BE(11)lp/RT + (n— 1K, (4)

in which g=dT/dt is the heating rate for a non-
isothermal process and where the magnitude values
which correspond to the maximum crystallization
rate are denoted by subscript p.
By using the substitution y' = E/RT’ the integral
[, can be represented by the aternating series
o4} _ k |
R S S L)
k=0 y

where it is possible to use only the first term, without
making any appreciable error, and to obtain |, =
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Table 1
Characteristic parameters of the alloys S1, S2 and S3
Alloy B (Kmin~1) Ty (K) T (K) T, (K) T (K) AT (K) Hr H’ S
S1 2 405 443 466 517 38 0.745 0.094 2.158
4 410 449 472 524 39 0.750 0.095 2.188
8 413 453 478 531 40 0.755 0.097 2421
16 417 458 483 537 41 0.759 0.098 2458
32 422 464 489 544 42 0.764 0.100 2.488
S2 2 413 460 482 533 47 0.922 0.114 2.504
4 417 465 488 540 48 0.923 0.115 2.647
8 420 469 494 547 49 0.925 0.117 2.917
16 424 474 501 555 50 0.926 0.118 3.184
32 427 478 508 563 51 0.927 0.119 3.583
S3 2 416 466 490 537 50 1.064 0.120 2.885
4 420 472 497 545 52 1.074 0.124 3.095
8 423 476 504 553 53 1.081 0.125 3.508
16 425 479 511 561 54 1.085 0.127 4.066
32 428 483 519 569 55 1.092 0.129 4.626

RT2K(BE)™%, if it is assumed that T, < T (T, is
the starting temperature), so that y, can be taken as
infinity.

Substituting the last expression of I, in Eq. (4),
one obtains

RT2( BE) 'K, exp(—E/RT)) =1
or in a logarithmic form
In(T7/B) =In(E/R) —InK, + E/RT, (5)

An equation for a straight line, with dope, E/R, and
intercept, INCE/R) — In K. Then one can obtain E,
K, and K(T).

In order to evaluate the stability of glassy materi-
als, Surinach et al. [10] introduced a K(Tg) criterion,
and Hu et a. [11] developed the K(T,) criterion,
K(Ty) = K, exp(—E/RTy) and K(T,) =
Ko exp(—E/RT,) respectively. Thus the values of
these two parameters indicate the tendency of glass
to devitrify on heating. The larger their values, the
greater is the tendency to devitrify. The formation of
glass is a kinetic process. It is reasonable to assess
the glass stability by a kinetic parameter, K(T). The
Hr parameter itself is a stability factor based on
characteristic temperatures. Here a stability criterion
is defined as K (T):

K(T) =K, exp(—HrE/RT)

where T is any temperature between T, and T,,. Just
like the K(T) criteria, the smaller the values of

K,(T), the greater is the thermal stability of the
glass. The obvious advantage of this method is that it
can evaluate the glass stability over a broad tempera-
ture range other than at one temperature such as T,
or T,

3. Experimental details

The aloys were prepared in bulk form by the
standard melt quenching method. High purity

In(Tp2/p)

3
1037,

12 T T T T T
1.90 195 200 205 210 215 220

Fig. 1. Plots of In(Tp2 / B) versus 1/T, and straight regression
lines for the three glassy aloys. S1 (@), S2 (m), S3 (a).
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Table 2

Straight regression lines (SRL) fitted to values of In(Tp2 /B) and kinetics parameters of the analyzed aloys

Alloy SRL E (kcal mol 1) Ko (s™Y) r

S1 26.6674 x 10°/T, — 41.5018 53.3 2.82x 10% 0.9992
2 25,0692 X 10% /T, — 36.2790 50.1 1.43 x 10%° 0.9996
3 23.4295 x 103 /T, — 32.0283 46.9 1.90 x 10'® 0.9998

r is the correlation coefficient.

(99.999%) copper, arsenic and tellurium in appropri-
ate atomic percent proportions were weighed (total 7
g per batch) into quartz glass ampoules. The contents
were sealed under a vacuum of 10~ Torr, heated to
900°C for about 5 h and then quenched in ice water,
which supplied the necessary cooling rate for obtain-
ing the glass. The ampoules were continuously ro-
tated in the furnace to homogenize the contents. The
amorphous nature of the material was checked
through a diffractometric X-ray scan, in a Siemens
D500 diffractometer. The calorimetric measurements
were carried out in a Perkin-Elmer DSC7 calorimeter
with an accuracy of +0.1°C. Temperature and en-
ergy calibrations of the instrument were performed
using the well-known melting temperatures and melt-
ing enthalpies of high-purity indium and zinc sup-
plied with the instrument. For non-isothermal experi-
ments, glass samples weighing about 20 mg were

sealed in auminium pans and scanned at room tem-
perature through their T, at different heating rates 2,
4, 8, 16 and 32 K min~*. An empty aluminium pan
was used as reference, and in all cases a constant 60
ml min~! flow of nitrogen was maintained in order
to drag the gases emitted by the reaction, which are
highly corrosive to the sensor equipment installed in
the DSC furnace. The glass transition temperature
was considered as a temperature corresponding to
the intersection of the two linear portions adjoining
the transition elbow in the DSC trace.

4. Results and discussion
The characteristic temperatures from DSC scans

are given a Table 1. The stability of the three alloys
studied can be estimated by using these characteristic

Table 3
Kinetic parameters K(T) and K, (T) for the three dloys
Alloy B (K min~1) K(T) s™H K(T) (s™H K (T (™ K (T (5™
S1 2 7.46x 1077 411x 1078 14.45 8.85x 10°
4 1.66 x 1078 8.50x 1073 18.98 11.47 x 108
8 2.67x 1078 1.73%x 1072 19.59 14.76 x 108
16 4.95x% 106 3.07x 1072 24.21 18.31 x 10°
32 1.06 x 1075 6.05 % 1072 31.37 23.30 X 10°
7] 2 6.51x 1077 384x 1073 7.39x107° 0.221
4 117 x 1076 7.28%x 1073 1.19x 10~ 4 0.379
8 1.79x 1076 1.36 X 1072 157 x 10~ * 0.609
16 3.14x 1076 276 X 1072 249 % 104 1.116
32 4.76 x 1076 549 x 1072 345x 107* 2.010
3 2 6.27x 1077 312x 1073 1.70x 10~ 8 1.46 x 104
4 1.07x 1078 6.13x 1073 1.72x 1078 1.87 X 10~ 4
8 159 1076 1.18x 1072 1.79x 1078 2.72%x 1074
16 2,07 x 1076 2.23x 1072 1.90 x 10~8 452x107%
32 3.05x 1076 453x 1072 1.97x 1078 7.09%x 104
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temperatures, Ty, T;,, T, and T,,. The existing stabil-
ity criterion parameters based on these characteristic
temperatures are also listed an Table 1.

To obtain the kinetic parameters of the crystalliza-
tion, Eq. (5) is applied. Fig. 1 represents the evolu-
tion of In(T,?/B) versus 1/T, for the three alloys.
The plots were found to be straight lines in accor-
dance with Eg. (5). The activation energy, E and
frequency factor, K,, are then evaluated by least-
squares fitting method. Table 2 summarizes the val-
ues determined by these calculations. After knowing
the values of E and K,, the kinetic parameters
K(T) and K,(T) of studied aloys are listed in Table
3. Fig. 2 represents the plots of K,(T) versus T. It is
found that K(T) of S3 varies owly with increasing
T and the values are on T axis, while K, (T) of S1
varies rapidly with increasing T. They verify the

155

thermal stability order of the above mentioned glassy
aloys.

It is known that these existing criteria of glass
stability allow the prediction of the tendency to
devitrify. It is possible to suggest that the larger their
values, the greater should be the glass thermal stabil-
ity. According to these suggestions, the parameters,
AT, Hr, H and S in Table 1 show that the S3 glass
sample is more stable than the other two samples.
However, it is difficult to obtain the consistent stable
order for these glasses by these criteria based on
characteristic temperatures especialy at different
heating rates. According to literature [10,11] (K(T,)
and K(T,) criteria) the smaller the values of these
parameters, the better should be the thermal stability
of glass. So the data for both K(Ty) and K(T,) in
Table 3 indicate that the S3 glass sample is the most

3 -4
15x10 15x10
$1 (a)
3 - 4
12x10° |- - 12x10
3 -4
0.0x10° - _| 9.0x10
= S2 =
= 3 NG
X 3 (x107) 4N
6.0x10 |- = - 6.0x10
3 -4
3.0x10° | S3 — 3.0x10
L =~ J
0.0 // 0.0
400 450 500 550
T(K)
18x10° 18x10
' s1 (b)
s J
15x10° |- - — 15x10
3
12x10° S2 — 12x10
e s (x10%) -
T o9.0x10” - ~oox10
4 8 = 4
af
6.0x10 — —{ 6.0x10
sl S3 - 4
3.0x10” |- | 3.0x10
L —_—=
00 [ . ] ! ‘ Joo0

400 450

T (K)

500

Fig. 2. Plotsof K,(T) versus T for the three glassy alloys to verify the stable order. (@) B=8 K min~2, (b) 8= 16 K min~1.
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stable, and the stability orders at different heating
rates are S3 > S2 > Sl. In addition, according to the
preceding theory, the data of K,(T ) and K,(T,) in
Table 3 show that S3 alloys are also the most stable,
and the order of stability is also S3>S2> Sl at
various heating rates. This stability result agrees with
that of the K(T,) and K(T)) criteria

The above-mentioned stability orders agree satis-
factorily with literature [15], where it is noted that
when copper is introduced into glassy arsenic tel-
lurides their thermal stability is increased, since one
produces a substantial strengthening of glass struc-
ture.

5. Conclusion

The K,(T) criterion has been considered in this
work for the evaluation of glass stability from DSC
data. It includes both the kinetic parameters and
characteristic temperatures. The above criterion is
more accurate and reasonable than the existing crite-
ria based on critical temperatures and K(T) criteria.
High values of K (T) means poor stability of the
glass. In the present work, the non-isothermal devit-
rification of three glassy aloys in the Cu-As-Te
system has been studied at different heating rates and
various temperatures. The above-mentioned study
has verified that the K,(T) criterion is dlightly af-
fected both by the heating rate and by the tempera-
ture, while the other criteria show a bigger variation
with the heating rate and temperature. Among the
three glassy alloys, K,(T) of the S3 glass sample is
smallest, so this glass composition is the most stable.

Finally, the stability order of these three glass sam-
plesis S3> S2 > S1.
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