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Crystallization of Te-Si-Pb glasses
exhibiting double Iq effect
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Results of calorimetric, X-ray and transmission electron microscopy investigations of the
glass—crystal transition in Teg,Si,,_,Pb, glasses are presented. The investigated glasses
exhibit a double-stage crystallization and a double glass-transition temperature, 7,
within a composition range of 2.5 to 10 at % Pb. The second glass transition appears after
partial crystallization of the glass. The double glass-transition phenomenon is discussed

in relation to the crystallization process.

1. Introduction
Semiconducting glasses exhibit interesting elec-
trical and optical properties [1—4]; most of these
properties are connected with their crystallization
processes. In many glasses, the glass—supercooled-
liquid transition [5] precedes crystallization and
is of importance on scientific and technological
grounds. Changes in the glass transition tempera-
ture, T, after partial crystallization of glass have
been found for several systems exhibiting multi-
stage crystallization processes. A double Ty is
seen for Te—Ge—Se [6], TegyGeqa sPb7 s [7] and
Te,; Aly; [8] glasses and for the metallic glass
(PdsNis),_4P, [9]. The above authors have
related this phenomenon to phase separation
taking place in the glass. The same explanation
was proposed at the beginning of our experi-
mental work {10] to account for the double T, in
TegoSiyg_Pb, glasses. Further investigations,
however, have not confirmed these predictions.

The detection of phase separation in a glass is
sometimes very difficult since phase separation
may produce only subtle changes in the diffrac-
tion pattern, whereas changes in the microstruc-
ture are evident only if the separating phases
markedly differ in electron density. For binary
glasses a compsition-independent 7T is evidence of
phase separation. In multi-component systems,
the interpretation of the same effect is much more
difficult and requires the use of several experi-
mental techniques.

The aim of this work was to elucidate the T}
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changes in TegySiyg_Pb, glasses in the light of
thermally-induced structural transformations.

2. Experimental procedure

For preparation of TegySiy,-,Pb, glasses high-
purity (99.999% and 99.9999% purity) elemental
solids were used; x was varied at intervals of 2.5
at%. Samples were melted under vacuum in quartz
ampoules. The alloys so prepared were remelted
and rapidly cooled by the gun technique [11].

Calorimetric measurements were carried out
using a Perkin—Elmer DSC-2 unit at a rate of 20°
min~!. The melting point of an In sample,
measured under conditions of the experiment,
was used for temperature calibration. For measure-
ment of the second T, the procedure proposed by
Lasocka [7] was applied. Samples were heated in
a calorimeter until the end of the first crystalliza-
tion step was reached and then they were rapidly
cooled and reheated until complete crystallization
had taken place. For the isothermal measure-
ments, the fraction of material crystallized after a
time, 7, at temperature 7 was evaluated by inte-
gration of the area enclosed between the experi-
mental curve and the base line.

The phases present after heating were deter-
mined using X-ray diffraction analysis (using
CuKo radiation).

The structure was exainined in a Phillips 100
kV transmission electron microscope. The as-
quenched samples were observed, without thinning,
using electron beam heating.
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Figure 1 Differential scanning calorimetry (DSC) traces

taken for Te,, Si,, Pb, , glass. Heating rate, 20° min ™' ;

dH/AT, 2 mcal sec™ and sample weight, 10 mg. (a) Con-
tinuous heating until complete crystallization and (b)
heating until the end of the first crystallization step
followed by cooling and reheating.

3. Results

3.1. Calorimetric results

TegoSiyg-Pb, glasses exhibit, within the compo-
sition range of 2.5 to 10 at % Pb, two separate
crystallization effects and a double Tg. The second
glass transition temperature, Ty , appears in the

TABLE I. Crystallization and glass transition temperatures
(in K) of 80 at % Te—(20 — x) at % Si—x at % Pb glasses.

x Tg" Ty, Tt Ty T
0.0 430 - 489 561
25 421 520 503 547
5.0 408 510 473 524
75 396 487 446 523

10.0 386 469 433 486

125 377 - 412 449

15.0 361 - 380 384

175 349 - 369 -

20.0 330 - 337 -

* Tg1 and ng are the first and second glass transition tem-
peratures, respectively.

i Ty, and Ty are the crystallization temperatures of the
first and the second stages, respectively.

second heating of the sample, which was pre-
viously heated up to the end of the first crystal-
lization step and then cooled. In this second heat-
ing, the first exothermic effect of crystallization
and T, disappear (Fig. 1). An increase in the Pb
concentration lowers the glass transition and
crystallization temperatures (Fig. 2). Experimental
data concerning glass transition and crystallization
temperatures are recorded in Table 1. The linear
dependence of Ty and Ty on the composition
indicate that these temperatures correspond to
solutions of different composition in every glass
of the system.

Kinetics of crystallization were determined
for the TegySiyssPbys glass. The fractions of
material crystallized after a time, 7, at temperature
T, X1(7), for the first and second transformations,
are plotted in Figs 3a and 4a, respectively. The
nucleation and growth rates for the investigated
glass were predicted using the Avrami equation
[12]:

500
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20 Figure 2 Glass transition and crystallization
temperatures plotted against composition.
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Figure 3 The first stage of crystallization of Te,,Si,, ;Pb, , glass. (a) Transformed volume as a function of annealing

time and (b) prediction of the index » from Equation 2.

Xp(r) = 1 —exp (—k1)", )

where Xp(7) is the fraction of material trans-
formed after a time 7, &k is related to the rates of
nucleation and growth and » is a constant depen-
dent on nucleation and the growth mechanism.
For isothermal conditions, the Avrami equation
can be rearranged to the form

In{ln(1/1—X7)] = C+nlnr )]

In [ln (1/1 — X4)] is plotted against In 7 for the
first and second stages of crystallization in Figs
3b and 4b, respectively. n = 4, for the first stage
of crystallization (Fig. 3b), can be interpreted to
indicate diffusion-limited growth with increasing

nucleation rate [13]. At 470K two different values
of n are observed. This phenomenon can be due to
the effects of phase separation prior to crystalliz-
ation. It is plausible that the processes of the
second crystallization step (n = 3 to 5) are inter-
face controlled with the constant growth rate at
520K [13].

3.2. X-ray and microscopic results
The aim of the diffractometric investigations was
to determine the phases present after each stage of
crystallization. Some suggestions presented in
[10] are not, at present, completely confirmed.
From the detailed measurements in this work:

(a) after the first crystallization step Te crystals

1 2
o.—
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X [
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0 L
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Figure 4 The second stage of crystallization of Teg, Si,; sPb, 5 gléss. (2) Transformed velume as a function of annealing

time and (b) prediction of the index » from Equation 2.
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Pb, , alloy. (a) Glass, (b) after the first crystallization and (c) after complete

Figure 5 Diffraction pattern of Te,, Si,, ,

crystallization.
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Figure 6 Diffraction patterns of crystalline Teg,Si,,_4Pb, alloys for (a) x = 2.5 at % Pb, (b) x = 7.5 at % Pb and (c)

x = 10 at % Pb.
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are present;

(b) after complete crystallization, Te, PbTe,
and a phase, denoted as ¢ (of hexagonal structure
and lattice parameters of g = 6ar, and ¢ = 4cpe)
are present.

As an example, the crystallization products of
TeggSij75Pb, s glass is shown in Fig. 5. The
intensity and number of reflections attributable
to the ¢-phase increase with increasing Si concen-
tration (Fig. 6), so characterizing the phase as a
solid solution of Si in Te.

Transmission electron microscopy investigations
afforded complementary data to the X-ray measure-
ments and showed the morphology of phases.
The crystallization scheme of glasses exhibiting a
double T, is exemplified in Fig. 7 for Teg, SijoPbye
glass. Fig. 7a shows a typical homogeneous amor-
phous structure. The first phase to appear is
crystalline tellurium with a dendritic morphology,
shown in Fig. 7b. Further heating leads to eutec-
tiod crystallization of the remaining amorphous
matrix, shown in Fig. 7c. All the glasses investi-
gated exhibit a similar morphology of crystal-
lization, but the higher the lead concentration,
the more fine-grained is the structure.

4. Discussion

Double-stage crystallization of glasses within the
composition range 2.5 to 10 at % Pb points to
phase separation occurring in the material. The
question arises as to when the segregation occurs.
Crystallization of tellurium at the beginning of
the transformation process brings about a change
in the T, value. Composition-dependent changes
in Ty exclude the possibility of a relationship
between this temperature and the glass—melt
transformation of amorphous tellurium. From the
observations it seems reasonable that T, can
be the glass—melt transition temperature of the
homogeneous ternary glass. The homogeneity of
the glass is also confirmed by transmission electron
microscopy (Fig. 7a).

Phase separation occurs in the melt with instant-
aneous crystallization of precipitated tellurium,
The alloy, cooled from this point, is a glass
ceramic [14] consisting of dendrites of tellurium
in an amorphous matrix (Fig. 7b). Ty is considered
to be the glass—melt transformation temperature
of the amorphous material remaining after crystal-
lization of tellurium. A rise of the T, value with
a decrease in Te content in a glass is confirmed by

Figure 7 Micrographs of Te,Si,,Pb,, glass at various stages of crystallization. {a) Glass (inset shows electron diffraction
pattern), (b) beginning of crystallization showing dendritic crystals of tellurium (inset shows electron diffraction pattern),
(©) crystalline structure and (d) diffraction pattern of crystalline structure (the lack of reflections from the ¢ phase is
a result of the small amount of this phase present in the alloy).
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Figure 8 (a—c) Glass transition temperatures plotted
against Te content for molar ratios Ngj/Npy of 1, 1.66
and 7, respectively. (a) Te,SiyPby, (b) Te,SiyPb, 4, and
©) TexSinb7y.

investigations of T, changes as a function of Te
concentration in glasses with constant molar
ratio Ng;/Npy, where Ng; and Np, are the molar
concentrations of Si and Pb, respectively (Fig. 8).

The present results suggest the following courses
of transformation in TegySi,g- Pb, glasses:

(a) Composition range 2.5 to 10at% Pb. For
this composition range there are two possible
schemes of transformation.

(i) Continuous heating:

Ty
glass — melt

+ melt — crystalline Te + PbTe + ¢;

Is,gaggaﬁon
~XREIROL, (rystalline Te
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(i) cooling after the first crystallization stage
and reheating:

g phase |
glass — melt P2RHOD, oy cialline Te + mel’j

cooling

T,
—— glass-ceramic &, crystalline Te

+ melt - crystalline Te + PbTe + ¢.

(b) Composition range 12.5 to 17.5at% Pb.
For this composition range the scheme of trans-
formation is as follows.

T
glass —=> melt -> crystalline Te + PbTe + ¢.
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