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Abstract

Differential scanning calorimetry measurements for silver-containing chalcogenide glasses along the pseudo-binary tie line
(Ag2Se), (AsSe),_,, with high silver content are reported and discussed. The glass-transition temperatures (T) are
independent of the Ag content. No correlation between 7, and the first-nearest neighbour mean coordination numbers is
observed for x > 0.25, which indicates that the onset of viscous flow is independent of the rigidity of the glassy network in
these chalcogenide glasses. The crystallization proceeds in three stages. X-ray diffraction phase analysis has shown that the
hexagonal (metastable) modification of the AgAsSe, phase is formed in the first crystallization process; it is then transformed
into the tetragonal AgAsSe, phase, followed by crystallization of the Ag;AsSe; phase. The enthalpy of primary crystallization
decreases with increasing Ag content, accompanied by an increase of the activation energy of primary crystallization and the

thermal stability of the supercooled liquid, which suggests a change of the crystallization mechanism. © 1997 Elsevier

Science B.V.
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1. Introduction

Silver-containing chalcogenide glasses have
received a great amount of consideration [1], which
was largely stimulated by the fact that their electric
conductivity changes from predominantly electronic,
at low Ag contents, to predominantly ionic at high
silver contents [1,2]. However, the interrelation
between their local structure and transport as well
as thermal properties is still poorly understood,
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although there are a lot of structural studies, especially
on Ag-As—Se glasses, including X-ray diffraction
[3,4], neutron diffraction [5,6], Extended X-ray
absorption fine-structure (EXAFS) spectroscopy [7]
and reverse Monte-Carlo (RMC) simulations [8].
Several authors have related the increase of the
mean coordination number in chalcogenide glasses
to an increase of the glass-transition temperature (7T;)
(Ref. [9,10] and references therein). However, the
thermal data for the Ag—As—Se glasses are very scarce
[1,11]. The present work was undertaken to system-
atically determine the compositional dependence of
the glass-transition temperature and activation energy
for viscous flow, the thermal stability, the enthalpies of
crystallization and the crystallization kinetics of bulk
quenched (AgySe) (AsSe), ,, glasses with high sil-
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ver content. We were specially interested in Ag—As—
Se glasses with high silver content,in which case their
electric conductivity is predominantly ionic due to the
high mobility of the Ag* ions.

Ternary homogeneous Ag-As—Se glasses are
formed in 2 overlapping regions along the As,Ses—
Ag,Se and the AsSe—Ag,Se pseudo-tie lines of the
ternary phase diagram [11]. However, the form of the
glass-formation region in the compositional triangle
allows amorphous alloys of high silver content to be
obtained only along the AsSe—Ag,Se tie line. That is
why, three (Ag;Se), (AsSe),;_,, glasses with nominal
composition x = 0.25, 0.40 and 0.55, covering the
high-Ag part (0.25 < x < 0.60) of the glass-formation
region, were synthesized for the present study.

2. Experimental
2.1. Sample preparation

Three (Ag2Se), (AsSe)_,, chalcogenide glasses
with nominal composition x = 0.25, 0.40 and 0.55
were prepared by melt quenching. First, pure silver
(99.99%, Aldrich), arsenic (99.9999%, Aldrich) and
selenium (99.999%, Aldrich) were ground in agate
mortar, sewed through a mesh to obtain grain size of
less than 64 pm and mixed together to obtain ~8 g of
the corresponding composition. For each sample, the
powder mixture was put into quartz tube of 6 mm i.d.
and repeatedly evacuated-refilled with He. The tube
was then sealed with oxyacetylene burner while the
residual gas pressure was ~1 x 1072 Pa. The as-
prepared ampoules were kept at 800°C for four days
in a horizontal furnace and then quenched in ice water.
In order to obtain good homogeneity of the samples,
the ampoules were rotating with at about 6 rpm. The
composition of the final glassy alloys was determined
using a Jeol JSM 820 SEM with EDAX X-ray dis-
persive analyser. The actual compositions (x = 0.27,
0.39 and 0.54) are close to the nominal and the
samples will be denoted hereafter as AG27, AG39
and AG54, respectively.

2.2. Thermal analysis

All differential scanning calorimetry (DSC) mea-
surements were carried out on a Perkin—Elmer D7

thermal analyser. The thermal analyser was carefully
calibrated from 50° to 450°C against the known
temperatures and enthalpies of melting for In and
Zn. During all runs, the sample chamber was purged
with dry N,. The samples consisted of ~20 mg pow-
der in crimped (but not hermetically sealed) Al pans.
All measurements were referenced to an empty Al
pan. Special care was taken for reproducibility of the
base line by always using the same orientation of the
Pt lids. The DSC curves were measured at heating
rates of 3 = 2,4, 10,20 and 40 K min~". The crystal-
lization temperatures (T, ) were determined as the
temperatures of maximum crystallization rate. The
glass-transition temperatures (7,) were determined
as the extrapolated onset temperatures of the glass
transition [12] (see Fig. 1). Repeated measurements
on several samples with the same heating rate indicate
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Fig. 1. Differential scanning calorimeter curves of Ag-As-Se

glasses (heating rate at 10 K min I),
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that the experimental accuracy of T and T, is ~+2 K
and the accuracy in the enthalpies of crystallization
+3J/g.

2.3. X-ray diffraction analysis

X-ray diffraction phase analysis of the crystalliza-
tion products was carried out on a Philips PW1830
automatic powder diffractometer equipped with auto-
matic divergence slit, diffracted beam graphite mono-
chromator and  proportional  detector.  All
measurements were made with step A20 = 0.02°
and a time of 5 s per step, using CukK,, radiation.

3. Results
3.1. Glass transitions

Typical DSC curves for all three samples are shown
in Fig. 1. The melting endotherms for the AG27,
AG39 and AG54 samples are at ~620, 623 and 647
K, respectively. They are well-separated from the
crystallization exotherms and will not be discussed
further.

Only one glass transition is observed for all sam-
ples, indicating that they represent homogeneous
glasses. The T, value for the AG27 sample, 429 + 1
K, measured at a heating rate 3 = 10 K minfl, com-
pares very well with the value 430 K, reported by
Benmore and Salmon [6] for the (Ag,Se)g25(AsSe)y 75
composition using the same heating rate. The T,
values of Houphouet-Boigny et al. [11}, determined
at a heating rate 3 = 4 K min ™" are, however, slightly
higher than the values measured by us at a heating rate
3 =5 Kmin' for similar compositions.

From the heating-rate dependence of the glass-
transition temperature, one can determine the glass-
transition temperature, Tgo, not affected by kinetic
factors, regarded as the temperature of an underlying
thermodynamic glass—liquid transition at 3 — 0 [13].
The T, values were fitted by the equation,
Ty = T) + 3;In(3), proposed by Lasocka [14]
(Fig. 2). The activation energies (E,) of the glass
transition were determined using the equation,
In(4) = ~E,/RT, + const (where R is the gas con-
stant), proposed by Moynihan et al. [15] (see Fig. 3).
The thermal stability of the supercooled liquid ATy, at
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Fig. 2. Plot of T, vs. In(3) (4 in K min '): (@) — AG27 sample;
() — AG39 sample; and (A) — AG54 sample. The dashed lines
are linear fits through the data points.
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Fig. 3. Plot of In(:3) vs. 1/T, (;4in K min T in K): (@) - AG27
sample; (M) — AG39 sample; and (A) - AGS4 sample. The dashed
lines are linear fits through the data points.
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Table 1
Glass-transition results for the investigated Ag—As-Se glasses
Sample TQ/K 8, E, /(k]/mol} AC,(T,)/(I/eK) AT /K
AG27 413+5 5.8%1.9 265130 0.2940.01 464
AG39 41845 53+1.9 237+25 0.44+0.05 44+12
AG54 416+4 5.0£1.9 228410 0.59+0.17 89+11
Table 2
Enthalpies of crystallization (in J/g) of the Ag—-As-Se glasses

Crystallization stage
Sample ! 2 3 Total enthalpy
AG27 26.0+£0.5 12.0+2.5 7.0£1.0 45.043.0
AG39 12.0+1.0 14.0+2.0 21.0£1.5 47.043.0
AG54 4.01+05 23.040.2 27.0+05

" The standard deviations are calculated from the least-squares decomposition,

a given heating rate, was estimated as AT, = T; — T,
where 7; is the onset temperature of the first crystal-
lization peak (see Fig. 1). In the first approximation,
ATy is independent of the heating rate since both T;
and T increase with increasing 3. That is why the ATy
values for each composition were averaged over all
heating rates. The change of the heat capacity at
constant pressure between the glass and the super-
cooled liquid at T,, AC,(Ty), was calculated from a
plot of AC,(Ty) vs. In(53).

The results obtained together with the correspond-
ing standard deviations calculated from the linear
regression fits are given in Table 1. The glass-transi-
tion temperature Tg and the rate constant (3, are within
error limits independent of the composition. It is not
clear whether the decrease of E,, is a real effect or it is
also independent of composition. The increase of the
heat capacity AC,(T,) with increasing Ag content
means that the excess configurational entropy of the
supercooled liquid above T, increases with increasing
Ag content and contributes to the increased stability of
the supercooled liquid.

3.2. Enthalpies of crystallization

The AG27 and AG39 samples exhibit three crystal-
lization peaks, while in the AG54 sample only two
peaks are observed (Fig. 1). Gaussian decomposition
of the DSC curves for the AG27 and AG39 samples
revealed an additional weak peak at ~540+8 K,

which will not be considered separately in the sub-
sequent analysis. Several crystallization peaks were
also reported for some of the (Ag;Se) (AsSe),_,,
glasses, prepared by Houphouet-Boigny et al. [11]. In
general, multiple crystallization peaks are character-
istic for other ternary chalcogenide glasses in the Cu-
As-Se and Cu—As-Te systems [16-18] as well.

In order to determine all enthalpies of crystalliza-
tion, we have used a least-squares profile decomposi-
tion with Gaussian functions of the DSC curves
measured at a heating rate 10 Kmin~' (at which
the thermal analyser was calibrated). The goodness-
of-fit factors obtained are between 2.7 and 9.9% for all
samples. The enthalpies of crystallization are given in
Table 2. The enthalpy of the first crystallization pro-
cess (AH,) decreases almost linearly with increasing
Ag,Se content. The extrapolated x value at which AH,
becomes zero, x = 0.57 £ 0.17 compares very well
with the position of the amorphous—crystalline bound-
ary at x=0.6+0.1, determined by Houphouet-
Boigny et al. [11].

3.3. Kinetics of primary crystallization

Different mathematical methods have been pro-
posed in the literature for the analysis of data obtained
from non-isothermal measurements (see, for review,
Ref. [19] and references therein). Comparative studies
of the activation energies of As-Se-Te chalcogenide
glasses [20], determined by different non-isothermal
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methods, have shown that most of these methods give
(within error limits) similar results. That is why, only
the method proposed by Gao and Wang [21], com-
monly applied for the analysis of DSC data of glasses
was used in the present study. According to this
method, a plot of In((da/df)|,) vs. 1/T, yields a
straight line with a slope E,/R (where E, is the
activation energy) and intercept, proportional to the
frequency factor K. The reaction order, n, in this
approach 18 given by the equation,
n = (da/dt)|,/0.37K,. In these expressions a(t) is
the volume fraction of the crystallized phase,
(da/dr)|, the maximum crystallization rate at T,
and K, = BE,/RT}. K, (da/dr)|, and n were calcu-
lated for all heating rates and the values averaged.
The overlap between the two crystallization peaks,
observed in the AG54 sample, is significant. In order
to determine the kinetic parameters in this case, profile
decomposition for all heating rates was performed.
The plots of In(da/dt| ) vs. 1/T;, are shown in Fig. 4.
The activation energies and the frequency factors of
primary crystallization, as well as the corresponding
regression coefficients are given in Table 3. The stan-
dard deviation of E, for the AG54 sample is larger
because the first crystallization peak in this case is
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Fig. 4. Plots of In(da/dr|,) vs. 1/T, (T, in K): (@) - AG27
sample; (l) - AG39 sample; and (A) - AG54 sample. The dashed
lines are linear fits through the data points.

Table 3
Frequency factors (Kg) and activation energies of primary crystal-
lization (E,) of the investigated Ag—AsSe glasses

Sample Ky/s7! E./(kJ/mol) r’

AG27 2.1x10" 16247 0.9975
AG39 2.5x10'8 174£8 0.9974
AG54 1.0x 10 211464 0.9419

* - -
Regression coefficient.

very weak and overlaps strongly with the second peak.
The reaction order of primary crystallization is, within
error limits, the same for all samples and equals
1.1 £0.2. Similar values for n have been obtained
for other As-Se chalcogenide glasses [22].

4. Discussion

The glass-transition temperatures obtained in the
present study, as well as the results of Houphouet-
Boigny et al. [11], indicate that for x > 0.2 the T,
values of the (AgySe) (AsSe),_,, chalcogenide
glasses are practically independent of the Ag,Se
content.

Several empirical expressions [23-26] have been
proposed, relating the glass-transition temperature to
the mean coordination number (CN). However, our
recent X-ray diffraction radial distribution functions
analysis of the investigated Ag-As—Se glasses [8], as
well as the EXAFS results for other Ag-As—-Se com-
positions [7] along the same tie line, show that there is
a strong increase of (CN) with increasing Ag content
from 2.4 for the AG27 sample to 3.6 for the AG54
sample. Evidently, the relationship between the onset
of viscous flow and the rigidity of the glassy network,
traditionally associated with the mean coordination
number [27,28], is more complex for the investigated
Ag-As-Se glasses.

In order to understand further the kinetics of crystal-
lization of the investigated glasses along the AgSe—
Ag,Se tie line, we have heated in the DSC apparatus
(8 = 10 K min~') samples to temperatures above the
corresponding crystallization peaks, which were then
rapidly quenched. The samples obtained were ana-
lysed by X-ray diffraction.

The crystallization in all three glasses begins with
the formation of the hexagonal modification of the
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AgAsSe, phase [29]. The refined lattice parameters of
the h-AgAsSe, phase for the AG27 and AG39 samples
are similar (¢ = 3.92 +0.01 A, ¢ =20.38 £0.01 A)
and very close to the data of Voroshilov et al. [29].
With increasing Ag content, the amount of the h-
AgAsSe, phase in the X-ray diffraction patterns
decreases. This explains well the observed decrease
of the enthalpy (Table 2) of primary crystallization,
which is directly proportional to the total amount of
crystallized phase. Evidently, the increase of the
Ag,Se content leads to reduction of the nucleation
and growth rates of the AgAsSe, phase, resulting in
higher activation energies (Table 3).

The amount of the remaining non-crystallized
amorphous phase after the first crystallization step
is practically zero for the AG27 sample and increases
with increasing Ag content. The second crystallization
process (T, = 537 & 2 K), well-separated in the AG39
and AG27 samples, represents a transition from the h-
AgAsSe, phase to the so-called tetragonal (t)
AgAsSe, phase [29]. Unfortunately, the structure of
the t-AgAsSe, phase is not known and will be subject
of future studies.

The last crystallization process involves the forma-
tion of the low-temperature Ag;AsSe; phase [30] from
the remaining non-crystallized supercooled liquid. In
the AG54 samples, quenched after the last crystal-
lization peak, we do not observe h-AgAsSe, phase but
only the t-AgAsSe, phase, which indicates that the
processes of the h — t-AgAsSe, transformation and
the crystallization of the Ag;AsSe; phase overlap for
x> 0.5.

The amount of the AgzAsSe; phase is practically
zero in the AG27 sample, quenched after the last
crystallization peak, and increases with increasing
Ag,Se content for the AG39 and AG54 samples at
the expense of the t-AgAsSe; phase, in accordance
with the Ag-As—Se phase diagram [31,32]; namely,
the investigated (AgSe), (AsSe)(,_,, glasses lay in
the triangle As—AgAsSe,~Ag;AsSe; of the
ternary phase diagram and the amount of Ag;AsSe;
phase, according to the lever rule, increases with
decreasing the distance to the ternary point AgzAsSes,
in other words with increasing x. It should be pointed
out, however, that the binary join AgAsSe,~Ag;AsSe;
lies outside the glass-formation region [11].
The refined lattice parameters of the AgzAsSe; phase
for the AG39 sample (a=11.327+0.004A,

¢ =8.789£0.005A) and for the AGS54 sample
(a=1129+001A, ¢=875+001A) are in
very good agreement with the lattice parameters
reported in [29,30] and indicate that no solid solutions
are formed.

5. Conclusions

The glass-transition temperatures, enthalpies of
crystallization and kinetics of crystallization of three
(Ag2Se), (AsSe)_,, chalcogenide glasses with high
silver content (x = 0.27, 0.39 and 0.54) have been
determined by differential scanning calorimetry.

The experimentally determined glass-transition
temperatures are, within error limits, compositionally
invariant. Evidently, for overconstrained glasses
(mean coordination number > 2.4 [27]) the rigidity
of the glassy network does not play any more the main
role for the onset of viscous flow.

The investigated Ag—As—Se glasses crystallize in
three steps, the second and third of which merge into
one DSC peak for x > 0.5. The crystallization begins
with the formation of the hexagonal modification of
the AgAsSe, phase, followed by crystallization of the
remaining supercooled liquid into the Agz;AsSes;
phase. The refined lattice constants of the AgAsSe,
and Ag;AsSe; phases are in very good agreement with
the literature data, which not only confirms the phase
identification but indicates that no solid solutions are
formed. The compositional dependence of the
enthalpy of primary crystallization confirmed the
position of the amorphous—crystalline boundary at
about x = 0.6 along the AsSe-Ag,Se tie line which
has been already approximately determined by X-ray
diffraction [11].

The slight increase of the activation energy of
primary crystallization, accompanied by an increase
of the amount of non-crystallized phase quenched
after the first crystallization peak and by an increase
of the thermal stability of the supercooled liquid with
increasing Ag,Se content, suggest that the mechanism
of primary crystallization close to the
AgoosAsga55€0s0 composition is most probably
eutectic nucleation, whereas for compositions close
to the amorphous—crystalline boundary the mechan-
ism is most probably diffusion controlled growth.
Further electron microscopy and isothermal annealing
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experiments would be necessary to determine the
details of the crystallization processes.
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