
Crystallization mechanisms occurring in the Se–Te glassy system

Roman Svoboda • Jiřı́ Málek
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Abstract Crystallization kinetics, studied under non-iso-

thermal conditions in dependence on particle size, is

reviewed for the Se–Te glassy system, with particular focus

on occurring macroscopic crystallization mechanisms. The

observed complexity of the crystallization processes is

explained in terms of the two previously identified mech-

anisms—bulk crystallization originating from nuclei ran-

domly distributed in the volume of each glass particle

(formation of these nuclei is consistent with the classical

nucleation theory) and crystallization from surface/volume

active centers, dislocations, structural defects, and hetero-

geneities originating from the mechanical damage of the

material (e.g., during grinding and milling). In addition, a

new crystallization mechanism, previously unobserved in

this system, was revealed for hyperquenched Se95Te5 glass.

The origin of this mechanism is suggested to be closely

associated with the stress-induced defects contained in the

highly strained structure of this glass. The strong compo-

sitional dependence of the occurrence of this mechanism

then seems to be caused by the high cooperativity of the

amorphous structure of the specific composition.

Keywords Crystallization mechanism � DSC � JMA

model � Se(1-x)Tex

Introduction

Recently, extensive systematic research dealing with

macroscopic crystallization in Se–Te glasses was con-

ducted [1–7]. Two novel methodologies for treating the

crystallization data measured by differential scanning cal-

orimetry (DSC) were developed within the framework of

these studies. Based on the advanced interpretation of

characteristic kinetic functions z(a) and y(a) the complex-

ity of the respective crystallization processes was revealed

and identified. In this regard, it was found that the con-

sidered compositional set of Se–Te glasses is actually a

very good model system for studying complex crystalli-

zation processes composed of overlapping surface and bulk

crystallization mechanisms. More precisely, the two

involved mechanisms were identified as: bulk crystalliza-

tion originating from nuclei randomly distributed in the

volume of each glass particle (formation of these nuclei is

consistent with the classical nucleation theory), and crys-

tallization from surface/volume active centers, disloca-

tions, structural defects, and heterogeneities. The latter was

originally denoted as ‘‘surface’’ crystallization; however, a

similar mechanism can also be associated with crystalli-

zation from microstructural heterogeneities and mechani-

cally induced defects in the bulk material.

The first approach [2, 8] to the advanced interpretation

of system complexity is based on the introduction of dif-

ferent amounts and ratios of the two above-mentioned

crystallization centers (bulk and ‘‘surface’’) into the mate-

rial, and studying the thermally activated crystallization

response. In practice, this is realized by preparation of a set

of powder fractions divided by particle size, where the

continued (more intensive) grinding procedure corresponds

to larger amounts of heterogeneities and stress introduced

into the sample (lower size of powder grains also implies a
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larger portion of the material containing mechanically

induced defects and stress). In case of sufficiently narrow

particle size fraction intervals, a continuously changing

ration between the densities of the two respective types of

nucleation centers is obtained. Applying non-isothermal

heating scans then provokes simultaneous manifestation of

the two crystallization mechanisms, resulting in overlap-

ping DSC peaks with correspondingly changing intensity.

In addition, application of various heating rates further

diversifies the crystallization response—magnitude, shape,

and relative proportion of the respective DSC peaks.

Comparison of the kinetic evaluations (most importantly

the shape of the characteristic kinetic functions) undertaken

for the respective powder fractions then provides extensive

information about the nature, origin, and characteristics of

the process complexity.

The second approach to the description of the crystal-

lization complexity is then based on the actual separation

of the identified crystallization mechanisms. For this rea-

son, the modified Fraser–Suzuki deconvolution methodol-

ogy was recently developed [5]. For accurate and

physically meaningful deconvolution, maximum informa-

tion about the involved processes should be gained prior to

the actual separation. The information obtained within the

advanced interpretation of characteristic kinetic functions

may be effectively utilized in this regard. This approach,

with very good results, was applied in cases of pure

amorphous selenium and several chosen particle size

fractions of the Se90Te10 and Se70Te30 compositions [5–7].

High consistency, reproducibility, and coherency of the

results of all the above-mentioned studies may lead to the

conclusion that, by performing the particle-size-based

study to the given extent, the maximum range of process

complexity is achieved and, hence, the complete descrip-

tion of the crystallization behavior in the studied glassy

system is obtained in terms of the two above-mentioned

crystallization mechanisms. However, our recent data for

the Se95Te5 chalcogenide composition revealed the pre-

sence of a possible third type of crystallization mechanism.

In the current article, this finding will be explored in

greater detail.

Experimental

Experimental details on the preparation and measurements

of the Se, Se90Te10, Se80Te20, and Se70Te30 compositions

can be found in the, respective, previously published

papers [1–7]. In addition to these materials, a new glass

with Se95Te5 composition was prepared. Preparation of this

glass was performed by means of the classical melt-

quenching technique, where two distinct methods are

applied. In the case of both batches, pure (5N) elements

were accurately weighed into quartz ampoules, held in a

rocking furnace for 48 h for the melt to react and

homogenize and then quenched in water. The first batched

ampoule was annealed at 650 �C and the quench was

realized in the maximum possible way—this glass will be

denoted as ‘‘batch a).’’ On the other hand, the second

ampoule was annealed at 350 �C and after unloading from

the furnace the melt was allowed to cool for approximately

10 s in air before quenching in water—glass prepared in

this way will be denoted as ‘‘batch b).’’

The amorphous nature of each glass was checked by

X-ray diffraction, Bruker AXS diffractometer D8 Advance

equipped with a horizontal goniometer and scintillation

counter utilizing CuKa radiation was used in this regard.

Homogeneity of the glasses was verified from the position

of the relaxation peak at Tg, which was measured under

defined thermal history for samples taken randomly from

the bulk glass. Each prepared glass was ground to a set of

powders with defined particle sizes: 0–20, 20–50, 50–125,

125–180, 180–250, 250–300, and 300–500 lm (the

grinding was performed in an agate mortar for approx.

30 s). Additionally, bulk samples were prepared by

cracking a thin layer of as-prepared bulk glass. In the case

of the powders, a thin layer of the material was spread on

the bottom of T-zero aluminum pans to improve thermal

contact; masses of the samples varied between 8 and

10 mg.

Crystallization behavior of the prepared glasses was

studied using a conventional DSC Q2000 (TA Instruments)

equipped with cooling accessory, autolid, autosampler, and

T-zero Technology. Dry nitrogen was used as the purge gas

at a rate of 50 cm3 min-1. The calorimeter was calibrated

through the use of melting temperatures of In, Zn, and

H2O. The zero-line course was checked daily. With regard

to the specific thermal history, each sample was first sta-

bilized at 55 �C for 5 min (for the glass structure to sta-

bilize in the undercooled liquid region; this isotherm also

served as a pre-nucleation period), then the sample was

cooled at 10 �C min-1 to 30 �C and the measuring heating

scan was applied immediately. Heating rates applied during

the heating scans varied from 0.5 to 30 �C min-1. Each

measurement was reproduced twice in order to estimate the

experimental errors; spline baselines were used for imita-

tion of the thermokinetic background. Nearly perfect

reproducibility of the data acquired within each respective

batch was achieved.

In Fig. 1 an exemplary comparison of the full DSC

curves measured for the two studied glass batches is

shown—data for similar particle size fractions and applied

heating rates are displayed. As can be seen, the curves very

well overlap in the glass transition and melting regions; the

crystallization effect, on the other hand, differs markedly.

In the inset the glass transition region is magnified,
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showing perfect overlay of the two curves and no signs of

‘‘double Tg’’, which would suggest phase separation. The

glass transition midpoint is 46.3 ± 0.1 �C. Regarding the

melting region, both materials again show similar charac-

teristic features—namely the high-temperature shoulder

suggesting melting of two crystalline ‘‘phases’’ (the surface

and bulk crystals). Temperature onset of the melting peak

occurs at 225 �C. Similarity of the melting peaks then

confirms similar nature of the crystalline products despite

the obviously differing mechanisms of their formation—

this will be referred to later.

Results and discussion

In the first part of the ‘‘Results and discussion’’ section, the

new crystallization mechanism occurring in the Se95Te5

glass will be identified and a qualitative evaluation of its

properties will be undertaken. Consequently, in the second

part, this newly identified crystallization behavior will be

treated quantitatively by means of standard kinetic ana-

lysis—the difficulty of its interpretation in the case of

highly pronounced process complexity will be discussed.

In the last part, the structural origin of the compositionally

anomalous occurrence of this crystallization mechanism

will be proposed.

Shapes of Se95Te5 crystallization peaks and their

interpretation

Crystallization behavior in Se95Te5 glass was closely

examined by means of a DSC particle size dependent study

for the two prepared batches of glass (a) and (b). In Fig. 2a

the DSC data for low heating rates (0.5–7 �C min-1) are

compared for the two prepared batches—examples of fine,

middle-sized, and coarse particle size fractions were cho-

sen to make the comparison. In Fig. 2a it can be seen that

the shape of the crystallization peaks is strikingly different

for the two prepared batches. In the case of batch (a) the

peaks are sharp with elongated tails, while in the case of

batch (b) the peaks are more or less symmetric with a rather

slower increase in the initial peak edge. Another very

interesting fact is associated with the location of the crys-

tallization peaks with respect to the temperature axis

compared for different powder fractions. In the case of

batch (a) the peaks show almost no shift in temperature

with increasing particle size (which is quite unusual con-

sidering the so far observed behavior in the Se–Te glassy

system [1–7]), while for batch (b) the crystallization peaks

shift to higher temperatures with increasing grain size.

To explain the marked difference in the crystallization

behavior of the two compositionally identical prepared bat-

ches of Se95Te5 glass, the microstructural aspect needs to be

considered. From the compositional point of view, the

microstructure of both glass batches should be identical:

eventual slight differences in bond arrangements or Se–Te

chain lengths caused by the different structure of the original

liquid are usually erased closely above Tg; in addition, the

structural relaxation kinetics reflecting the molecular structure

seems to be identical for the two prepared batches—inset in

Fig. 1 demonstrates the perfect overlap of the glass transition

data for the two batches. To further confirm the similarity of

relaxation kinetics, the so-called intrinsic relaxation cycles

[9–11] were performed and the apparent activation energy of

structural relaxation was evaluated for both glass batches:

batch (a) Dh* = 316 ± 8 kJ mol-1 and batch

(b) Dh* = 318 ± 20 kJ mol-1. Different compositional

phase separation and formation of different microstructural

regions can also be ruled out due to the similarity of the

relaxation peak shape at glass transition (which is usually very

sensitive to all separation processes)—see inset in Fig. 1—as

well as due to the well known absolute mixing of the Se and Te

elements. On the other hand, considering the density/defects

microstructural aspect, the two glasses are markedly different.

In the case of the glass rapidly cooled from high temperature

batch (a) large amount of stress-induced defects is formed

within the material structure due to the fast and large change in

volume during the quench leading to high level of strain. In the

case of the significantly lower annealing temperature applied

to batch (b) before the quench, the associated volumetric

change was significantly smaller and the glass microstructure

is a lot closer to the ideally packed conformation, corre-

sponding to the extrapolated pseudo-equilibrium curve of

undercooled liquid—i.e., significantly lower amount of stress-

induced defects is formed.

Based on the latter, the interpretations introduced for the

formerly studied compositions [1–7] can be extended for
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Fig. 1 Example DSC curves measured for the twoprepared glass

batches (data for similar particle size fraction and heating rate are

displayed). Zoomed glass transition region is shown in the inset
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the current Se95Te5 material. The well-established con-

ception of surface/volume crystallization complexity can

be applied in the following way. Starting with batch

(b) corresponding to ‘‘commonly’’ quenched glass with a

high portion of relaxed bulk material, it is apparent that the

overall crystallization peak lowers and broadens with

increasing particle size. This implies dominance of the

surface/heterogeneities originating crystallization mecha-

nism. In addition, the deformation of the peak shape pro-

gressing with increasing heating rate and particle size, as

well as the shift in the crystallization peaks toward higher

temperatures with increasing particle size, both suggest

simultaneous manifestation of the crystallization processes

originating from surface/heterogeneities and common bulk-

located nuclei. Finally, the changing shape of the peaks

corresponds to the gradually developing ratio between the

manifestation intensity of the two involved crystallization

mechanisms. Similar behavior is described e.g., for pure Se

[6, 7] or Se90Te10 and Se80Te20 [5].

In contrast, in the case of batch (a), both the intensity

and position with respect to the temperature axis do not

change with particle size for the major peaks. Furthermore,

the general shape of the crystallization peaks does not

change either with heating rate or particle size. Such

behavior corresponds to the majority of the grain volume

crystallizing by a similar mechanism, where neither the

surface nor mechanically induced heterogeneities play a

significant role (crystallization behavior would change with

particle size). This well corresponds to the nucleation and

the following crystal growth processes originating from the

microstructural bulk stress-induced defects formed during

the initial glass-formation procedure. This is in accordance

with the observed peak shape, where the dominant part of

the peak corresponds to the fast autocatalytic crystalliza-

tion process in the grain bulk, while the peak tails corre-

spond to substantially slower growth of the large and

already touching crystallites filling the space between

them.

The trends observed for the low heating rates are quite

similar to those for higher heating rates, which are, how-

ever, further complicated by the effects of thermal gradi-

ents and the more pronounced manifestation of secondary

crystallization processes with higher apparent activation

energy (due to the energy surplus introduced during the
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Fig. 2 Crystallization peaks corresponding to non-isothermal mea-

surements of chosen particle size fractions of the Se95Te5 glass—

particular rows match the individual studied fractions. In the left part

a the data for low heating rates are displayed; right part b contains

data for high heating rates. In each part respective columns

corresponding to the data for batches (a) and (b) are shown.

Exotherms manifest in upward direction
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faster heating rates). DSC data for the three chosen particle

sizes and high heating rates are shown in Fig. 2b.

To conclude, based on the shape of the DSC crystalli-

zation peaks of the hyperquenched Se95Te5 glass, a new (in

the Se–Te system so far unobserved) crystallization

mechanism was found. The corresponding nucleation and

consequent crystal growth seem to originate from the

microstructural stress-induced defects formed within the

material during glass-formation. The most important

argument for the latter statement is the striking indepen-

dence of the crystallization mechanisms from particle size

distribution of the heated glass powder.

Quantitative kinetic analysis versus process complexity

In the previous section, the qualitative interpretation of

crystallization complexity was undertaken for the two

prepared glass batches. Quantitatively, the crystallization

kinetics studied by DSC can be described by the following

equation [12]:

U ¼ DH � A � e�E=RT � f að Þ ð1Þ

where U is the measured heat flow, DH is the crystalliza-

tion enthalpy, A is the pre-exponential factor, E is the

apparent activation energy of the process, R is the universal

gas constant, T is temperature, and f(a) stands for an

expression of a kinetic model with a being conversion (the

thermal inertia term characteristic for heat-flux DSCs can

be in case of modern instruments safely neglected).

In the first step, the apparent activation energy is usually

determined. In the case of complex processes it was shown

that the original Kissinger equation [13] may, in certain

ways, be superior to the isoconversion methods (which can

be significantly influenced by various data-distortive

effects) [2, 6, 14]. The Kissinger equation is expressed

followingly:

ln
qþ

T2
p

 !
¼ � E

RTp

þ const: ð2Þ

where q? is heating rate and Tp corresponds to the tem-

perature of the maximum of the crystallization peak. The

Kissinger plot, where the slope of the dependence is pro-

portionate to the activation energy (in the case of these data

ranging from 123 ± 2 kJ mol-1 for finest powders to

102 ± 6 kJ mol-1 for coarse powders; the error of

E determination as well as the E values markedly depend

on the selected data range, only data for low heating rates

were evaluated in this case [6]), is, for all the measurable

heating rates and particle size fractions of the two glass

batches, shown in Fig. 3a. As can be seen, the data for

batch (b) show commonly observed shifts and curvatures

with changing temperature and heating rate, which indicate

overlapping ‘‘surface’’/bulk crystallization mechanism

characteristics for Se–Te glasses. Incidentally, based on

our other recent results, it seems that the curvatures [1–7]

observed in the Kissinger plot for Se–Te coarse powders

and bulks can be associated with the transition between the

formation of two types of spherulitic crystallites (high-

temperature type A and low-temperature type B) as iden-

tified by Ryschenkow and Faivre and Bisault, Ryschenkow,

and Faivre [15, 16] for amorphous selenium. Considering

the framework of the three types of crystallization mech-

anism occurring in Se–Te glasses, the two above-men-

tioned microscopic crystal growth patterns fall within the

bulk crystallization mechanism originating from randomly

dispersed nuclei. In addition, in the case of batch (b), the
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Fig. 3 Determination of apparent activation energy of the crystalli-

zation process according to the Kissinger method for all studied

Se95Te5 particle size fractions. Empty symbols correspond to the

hyperquenched glass (a), gray and black symbols represent the data

for the normally quenched glass (b). The black symbols represent the

high-temperature peak maxima in case of the differentiated double-

peaks of the 300–500 lm powder (see also Fig. 10). In graph a the

low-temperature part of the data is enlarged; graph b shows the whole

temperature range. Error of Tp determination is lower than the

magnitude of the points
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data for the high heating rates of coarse powders show a

sharp increase, which usually corresponds to the crystalli-

zation process being interrupted by the melting of the

sample. However, in case of the Se95Te5 material the onset

of melting peak occurs at *225 �C (see Fig. 1), which is

too far from the temperature to which the dependences in

the Kissinger plot limit (approx. 170 �C). From Fig. 2b it is

obvious that this convergence is caused by occurrence of

an additional crystallization mechanism, which seems to be

very narrowly localized in temperature. For the coarsest

fraction two well-resolved maxima are apparent at high

heating rates (one for the original ‘‘major’’ process and one

for the new secondary crystallization peak), further con-

firming the occurrence of the temperature-localized sec-

ondary crystallization mechanism. The Kissinger plot

upgraded with the new data corresponding to the original

‘‘major’’ crystallization process is shown in Fig. 3b. This

finding will be further commented on in Section 3.3, where

deconvolution of the respective processes will be

performed.

A completely different situation arises in the case of the

hyperquenched batch (a). As is already apparent from

Fig. 2, the position of the crystallization peak does not

change in temperature with increasing particle size. As can

be seen, the corresponding activation energy is very similar

to that obtained for the fine powders of batch (a) but does

not change with particle size fraction (the exact values

varying between 106 and 111 kJ mol-1 and the average

error being ± 3 kJ mol-1). Interestingly, there is a striking

resemblance in the position of the peak maxima on the

temperature axis for the finest powders of the two glass

batches. This should indicate either high involvement of

the ‘‘surface’’/heterogeneities crystallization mechanisms

in the case of this fraction or high similarity of the two

crystallization mechanisms (dominating for the respective

glass batches)—based on the rest of the data, the former is

a more probable case.

In the second step of the kinetic analysis, the crystalli-

zation model needs to be determined. For this task, the so-

called characteristic kinetic functions z(a) and y(a) defined

by Málek [17, 18] were found to be very suitable. The

functions are based on a simple transformation of experi-

mental data according the following equations (non-iso-

thermal conditions):

y að Þ ¼ U � eE=RT ð3Þ

z að Þ ¼ U � T2 ð4Þ

The data are plotted against a and usually normalized on

both axes for better clarity when comparing a whole set of

curves measured at different heating rates. These functions

provide an extensive amount of information on the origin

and nature of crystallization complexity [2, 4, 6, 7];

however, they seem to have their limitations in the case of

only partially overlapping processes. This can be seen in

Fig. 4a, where the z(a) functions calculated for the chosen

particle size fractions are compared for the two prepared

glass batches. It can be seen that, for a ‘‘consistent’’ peak

with no major shoulders [data for batch (b)], the shape of

the z(a) function corresponds well to the Johnson–Mehl–

Avrami (JMA) kinetics [19–22] for which the maximum of

the z(a) function occurs at a * 0.63 (the exceptions are the

highest heating rates where the peaks are already severely

deformed by the manifestation of the secondary crystalli-

zation process). In the case of batch (a), on the other hand,

the shape of the z(a) functions is markedly deformed due to

the presence of pronounced shoulders (with the exception

of the finest powders). As can be seen from the data for the

finest powders of batch (a), the kinetics of the pure domi-

nant peak is also very close to that of the JMA.

Similar conclusions can be drawn also for the y(a)

functions (chosen plots can be found in Fig. 4b), which

usually contains information [2, 6, 8] about the detailed

nature of the crystallization mechanism. The marked peak

tails, occurring in the case of the data from batch (a), again

distort the shape of the kinetic functions so that the kinetic

information is lost. Again, only the data for the finest

powders of batch (a) and the lower heating rates of batch

(b) can be evaluated properly.

Summarized quantitative representation of the previous

paragraph is depicted in the so-called kinetic plot—Fig. 5.

The data, averaged over all applied heating rates, are

shown for all studied particle size fractions of the two

studied batches. Coarseness of the powders within each

respective batch increases in the direction of the arrows.

The original interval for applicability of the JMA model (as

derived by Málek) is suggested in figure; however, as

shown, for example, in [2, 4], this interval can be sub-

stantially extended while still obtaining a highly acceptable

description by the JMA model. Data for batch (b) represent

typical behavior corresponding to the ‘‘surface’’/volume

type of crystallization kinetics, where the autocatalytic

crystal growth, originating from defects and heterogene-

ities, gradually vanishes with increasing particle size (a

lower amount of crystallization centers is mechanically

induced during powder grinding) and is replaced by the

classical surface-nucleated growth from nuclei randomly

dispersed in the bulk material of the glass grains, that is, the

data in the kinetic plot shift toward the JMA behavior

(amax,z * 0.63) with increasing particle size. On the other

hand, in the case of batch (a) the data in the kinetic plot

show exactly opposite behavior—only the finest powder

corresponds to the JMA mechanism, while the increasing

particle size causes increasing deviation from the model

JMA crystallization behavior. The unchanging shape of the

dominant part of the crystallization peak, together with its
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remaining position on the temperature axis, suggest a

similar JMA mechanism being valid for this crystallization

process originating from the microstructural stress-induced

defects formed within the material during glass-formation.

It is only the peak tail (possibly corresponding to the last

stages of the transformation of the amorphous phase

occurring between the already crystalline parts of the

grain), which causes the observed overall deviation.

In the last step of the kinetic analysis, the pre-expo-

nential factor A and crystallization enthalpy DH have to be

determined. To determine the pre-exponential factor, the

kinetic model with the corresponding parameters usually

needs to be determined first; hence, again in the case of the

data for Se95Te5 glass, only those for the finest powders of

batch (a) and low heating rates of batch (b) could be

described—the value of pre-exponential factor was found

to be ln(A/s) = 36.8 ± 0.2. Determination of the crystal-

lization enthalpy is, on the other hand, possible for any data

distorted by any means. Values of crystallization enthalpy

(in J g-1) are compared in Fig. 6 for the two studied glass

batches. The contour plots show the dependencies of

DH on heating rate q? and averaged particle size for each

powder fraction daver (bulk was assigned a value of

1,000 lm). Scaling is the same for the two plots; the white

area corresponds to the measurements where the crystalli-

zation peak has already merged with (or was influenced by)
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mal measurements of chosen particle size fractions of the Se95Te5

glass—particular rows match the individual studied fractions. In the

left part a the data for z(a) functions are displayed; right part

b contains data for y(a) functions. In each part respective columns

corresponding to the data for batches (a) and (b) are shown
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the closely following melting. From the comparison of both

plots, it can be seen that both crystallization mechanisms

embody similar trends (as well as absolute values) in the

development of DH, which is well understandable as sim-

ilar amounts of compositionally similar products are being

formed. Incidentally, these trends seem to have general

validity for crystallization processes non-isothermally

measured by DSC—more on this point can be found in [7],

where the involved physical principles are described.

As was shown in the previous paragraphs, in the case of

certain types of process complexity, the standard kinetic

analysis as well as advanced interpretation of characteristic

kinetic functions [2, 6] fail. A suitable answer may be

provided either by relatively tedious deconvolution proce-

dures [5] or by a simple qualitative interpretation of the

shapes of the DSC crystallization peaks. In both cases,

however, it is the study performed in dependence on the

particle size which provides essential information on the

studied crystallization kinetics.

Fraser–Suzuki deconvolution

Kinetic analysis of complex processes experienced signif-

icant progress recently. One of the most important tools in

this regard is the (modified) Fraser–Suzuki deconvolution

procedure [5, 23]. In the following text this helpful tool

will be utilized to reveal details about the crystallization

processes occurring in the Se95Te5 glass. The Fraser–Su-

zuki deconvolution employs the following function in

order to meaningfully separate overlapping kinetic

processes:

y ¼ a0 exp � ln 2
ln 1þ 2a3

x�a1

a2

� �
a3

2
4

3
5

2
2
64

3
75 ð5Þ

where a0, a1, a2, and a3 are the parameters corresponding to

the amplitude, position, half-width, and asymmetry of the

curve, respectively.

First, the FS deconvolution was applied to data for the

batch (a) glass. An example deconvoluted curve is shown

in Fig. 7. The deconvolution confirms that the overall

material response is composed from two sub-processes

(their envelope curve fits the experimental data very well).

Properties and mutual position of the two peaks very well

correspond to the conclusions derived on the basis of

advanced peak shape analysis in Section 3.1. Namely the

impingement-influenced crystal growth within the residual

amorphous matrix well corresponds to the second (high-

temperature) peak shape: marked positive asymmetry,

elongated end tail, and onset corresponding with the

maximum of the primary (preceding) crystallization pro-

cess. The deconvolution also confirmed the already obvi-

ous unique independence of the primary crystallization

process on particle size. The fact that the primary crystal-

lization process is represented by only one peak (instead of

the usual overlapping surface and volume peaks) suggests

the presence of a strong driving force which surpasses that

introduced mechanically during preparation of powders. In

other words, this influence unifies the material properties,

results in high density of crystallization centers and lowers

the kinetic barriers for crystal formation so that the further

introduction of mechanical defects and structural hetero-

geneities during powder grinding is of minor significance.

As suggested in Section 3.1, this unifying influence is most

probably the high amount of stress-induced defects formed

within the original bulk material prepared by hyperquench.

Alternative hypotheses for the above-described behavior

are: that it is caused by grinding-induced formation of

crystallites or that some crystalline centers were formed

already during the glass formation. Both these options are
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Fig. 6 The overall crystallization enthalpy DHcry evaluated in

dependence on heating rate and averaged particle size for the two

prepared Se95Te5 glass batches. Upper contour plot corresponds to the

hyperquenched glass (a); lower contour plot represents the data for

the normally quenched glass (b). Scaling of both plots is similar—

suggested in the right part of figure. The white area in the plots

suggest the ‘‘immeasurable’’ region where the crystallization process

starts to merge with the consequent melting
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of very low probabilities because in such cases there would

still occur marked dependence of crystallization behavior

on particle size and two intrinsic crystallization processes

(‘‘surface’’ and bulk) could be identified. In addition, in

order for the process to be so perfectly unified an enormous

amount of crystalline centers would have to be formed in

the original glassy material, which would be recognized by

the XRD analysis. The XRD analysis was performed on a

very finely powdered material, so the potential effect of

grinding-induced crystallization would be recognized too.

Fraser–Suzuki deconvolution applied to the glass batch

(b) also revealed an interesting behavior, namely that in

case of higher heating rates and middle-sized and coarse

powder fractions an additional crystallization mechanism

starts to occur. Example deconvoluted batch (b) data are

shown in Fig. 8. As can be seen, apart from the usual

‘‘surface’’ and bulk crystallization peaks (black dashed

curves; ‘‘surface’’ crystallization peak is the smaller one)

there is a third, relatively small peak (red dashed curve;

marked by arrow). While both the usually observed pro-

cesses (‘‘surface’’ and bulk crystallization) behave simi-

larly as was observed for e.g., a-Se [6, 7] or Se–Te alloys

[1–5], the third process is very precisely localized in

temperature with respect to both—heating rate and particle

size. The localization with respect to heating rate simply

means that the process has very high apparent activation

energy. The localization with respect to the particle size, on

the other hand, markedly resembles the primary crystalli-

zation mechanism manifesting in case of glass batch (a).

Due to the high activation energy the third process occurs

only in case of those measurements, where significant

portion of material is in amorphous state at *165 �C (i.e.,

in case of high heating rates or coarse powder fractions).

This is well apparent in Fig. 9 where the raw DSC data for

the 300–500 lm fraction are depicted (in this figure the

effect of the crystallization process merging with the clo-

sely following melting can also be seen). The marked

independence of the third process on particle size is then

well apparent from Fig. 3, as already discussed in the

respective article section.

The marked resemblance between the primary process

manifesting in case of the hyperquenched glass and the

‘‘third’’ process occurring for the batch (b) glass leads to a

conclusion that both processes are of a similar nature. In

case of the batch (b) glass the process probably manifests

in its true nature—given the corresponding high apparent

activation energy. In case of the hyperquenched glass it is
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Fig. 8 Examples of deconvoluted curves for batch (b) glass; decon-
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experimental data, overall fit, and particular deconvoluted peaks,

respectively. The red peak marked by arrow corresponds to the newly

identified ‘‘third’’ type of crystallization mechanism
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probably the high amount of stress-induced defects, which

significantly lowers the energetic barriers for crystal for-

mation, thus shifting the crystallization process to lower

temperatures where it exhibits a usual dependence on

heating rate (providing a value of apparent activation

energy of crystallization typical for Se–Te chalcogenide

materials). Proposal on the possible structural origin of the

above-discussed new crystallization mechanism will be

introduced in the following section.

Structural origin of the ‘‘third’’ mechanism

Recent systematic research of the crystallization kinetics in

the Se–Te glassy system revealed that the activation energy

for the overall crystallization process gradually decreases

with decreasing Te content [4, 6]. The deconvolution

studies, however, showed that activation energy for the

minor process of ‘‘surface’’ crystallization significantly

increases with decreasing Te content (while in the case of

pure Se both activation energies—of bulk and ‘‘surface’’

processes—are again very similar). This rising difference

between activation energies of the two involved mecha-

nisms DE (major bulk crystallization and minor ‘‘surface’’

crystallization) leads to their partial separation, which

starts to be well recognizable for the finest powder frac-

tions of the Se90Te10 composition. Considering the above-

mentioned trend, together with the fact that for pure Se

both activation energies are again similar, a sharp transition

in the DE quantity may be expected around the Se95Te5

composition. This hypothesis is further supported by recent

structural relaxation studies [24, 25], which revealed a

marked sharp increase in the non-exponentiality parameter

within the 0–10 at% Te compositional range (see Fig. 10).

This parameter expresses the width of the relaxation times

distribution and is often associated with a measure of the

degree of segmental cooperativity. Its sharp increase sig-

nifies a structurally distinct compositional region that may

exhibit extreme behavior (anomalous trends were observed

e.g., for viscosity and microhardness [26]).

Data presented in the current article show a marked

difference between the crystallization kinetics of the

normally quenched and hyperquenched Se95Te5 glasses.

Such divergence was not observed for any other studied

Se–Te composition. Thorough studies of the effect of the

annealing temperature during the glass preparation were

performed for Se70Te30 [2] (tested temperatures were 450

and 650 �C) and pure Se (results not published, tested

temperatures were 350 and 650 �C)—in both cases no

significant change in crystallization kinetics was recorded.

A similar conclusion can also be derived for the Se80Te20

and Se90Te10 compositions, for which varying amounts of

microstructural strain were applied during the preparation

of additional glass batches assigned for reproducibility

measurements. From this point of view, the reported

effect of hyperquenching on crystallization kinetics also

seems to be a rather structurally based compositional

anomaly.

It is well known that the glassy structure in the Se–Te

system is formed by a mixture of Se–Te chains and rings

with a significant fraction of heteropolar bonding, where

the tellurium atoms seem to be distributed more or less

randomly within the selenium chains [27–29]. Corre-

spondingly, no phase separation region occurs in the Se–

Te glassy system—both elements are reported to mix in

any ratio [30]. In the crystalline form all the Se–Te alloys

compose a hexagonal lattice similar to that of pure Se and
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Te; correspondingly to the particular compositions, the

lattice parameters gradually change between the two

extremes represented by Se and Te. Bearing the above

mentioned in mind, it leaves the joint effect of the Se–Te

chain length and the strength/quantity of the van der

Waals forces interconnecting the neighboring chains as a

possible reason for the anomalous behavior reported in

the current article. In particular, the high degree of

cooperativity and interlinking expected for the Se95Te5

glass (based on the compositional dependence of relaxa-

tion non-exponentiality [24, 25]) may be responsible for

slower release of stress and strain accumulated in the

material during the hyperquenched glass formation, which

in consequence leads to irreversible formation of micro-

structural defects. For a small number of large coopera-

tively relaxing clusters the stress would not be distributed

uniformly and the formation of defects could then be

localized at an interface between structurally diverse

segments.

Conclusions

Three types of crystallization mechanism were found to

occur in Se–Te glasses. The first two mechanisms are

well known: bulk crystallization originating from nuclei

randomly distributed in the volume of each glass particle

(formation of these nuclei is consistent with the classical

nucleation theory) and crystallization from surface/vol-

ume active centers, dislocations, structural defects, and

heterogeneities originating from the mechanical damage

of the material (e.g., during grinding and milling). Man-

ifestation of the third mechanism, on the other hand,

appears to be rare for the Se-Te system—it was observed

only for the Se95Te5 composition. The most striking

aspect of its evincing is its marked independence from

particle size. The origin of this mechanism seems to be

closely associated with the stress-induced defects formed

within the highly stressed structures of hyperquenched

glasses. The strong compositional dependence of the

occurrence of this mechanism is then possibly caused by

the high cooperativity of the amorphous structure of the

specific composition.

In addition to the identification of the new crystalliza-

tion mechanism, the difficulty of performing the kinetic

calculations in the case of certain partially overlapping

complex processes was discussed. As was shown, the

advanced interpretation of characteristic kinetic functions

fails in this case; besides the decisive (modified) Fraser–

Suzuki deconvolution, the interpretation of the shape of

crystallization peaks themselves provides a viable option

for preliminary kinetic analysis.
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