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Abstract The effect of powder particle size on non-

isothermal crystallization kinetics of Ge11Ga11Te78 glass

was examined by differential scanning calorimetry. Mul-

tivariate kinetic analysis was used to deconvolute the

complex crystallization data. The overall process was

found to be composed of initial tellurium precipitation

followed by simultaneous formation of Ga2Te5 and GeTe

phases. While the Te precipitation followed the nucleation

growth Johnson–Mehl–Avrami kinetics with the growth

originating mainly from surface and mechanically induced

defects, the formation of gallium and germanium tellurides

proceeded autocatalytically with a significantly lower

involvement of the defects-based crystal growth. The

model-based part of the kinetic behavior was found to be

uninfluenced by the change in powder coarseness—both

crystallization sub-processes were described in terms of

similar models with similar kinetic exponents for all par-

ticle size fractions. On the other hand, the model-free

kinetic parameters (activation energies, pre-exponential

factors and crystallization enthalpies) were found to be

significantly changing with increasing particle size; the

observed trends were explained in terms of the changing

amounts of the two involved types of crystallization

centers.

Keywords Crystallization kinetics � DSC � Particle size �
Ge11Ga11Te78 glass � XRD

Introduction

The Ge–Ga–Te chalcogenide glasses belong among the

most promising materials for far-infrared optics applica-

tions. Since the Ge–Ga–Te chalcogenide matrix is fully

tellurous, the transmission window is extended to

*28 lm, which enables, for example, detection of H2O

and CO2 signals [1]. Since the glass-forming region is in

the Ge–Ga–Te system centered along the pseudo-binary

GeTe4–GaTe3 line, most of the research articles aimed at

the optical applications investigated compositions close to

this line [2–8]. Worse glass stability and limiting condi-

tions of the glass-processing procedures (molding, fiber-

drawing, etc.) due to the impending crystal growth pro-

cesses are the main drawbacks of the fully tellurous

chalcogenide matrix. At the same time, these are also the

main reasons for which the crystallization kinetics of these

glasses is often studied, so that the crystallization behavior

can be predicted for various experimental conditions.

However, while majority of the applications of chalco-

genide materials works with bulk glass, the crystallization

kinetics is often studied for powders. Therefore, recently a

great benefit of the particle size-dependent crystallization

studies has been recognized [9–12]. Based on these studies,

one is able to extrapolate the crystallization behavior

reported for various glassy materials from the powdered to

bulk material (reliable extrapolation can be of course made

only for similar/related materials).

In the present study, the influence of particle size of the

crystallization kinetics of the Ge11Ga11Te78 (50%

of GeTe4 and 50% of GaTe3) glass will be studied in detail.

This Ge–Ga–Te composition lies approximately in the

middle of the glass-forming region, and hence, it is prob-

ably very close to the optimum stability. In the study, the

major differences between the crystallization behavior of
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powders and bulk materials will be described and inter-

preted with respect to the material structure so that the

conclusions can be extrapolated to the other Ge–Ga–Te

glassy materials.

Experimental

The Ge11Ga11Te78 glass was prepared by the melt-

quenching technique (annealing at 950 �C for 24 h,

quenching in cold water). The prepared glass ingot was

ground in an agate mortar and sieved (using a set of sieves

with defined mesh sizes) so that the following powder

fractions were prepared: 0–20, 20–50, 50–125, 125–180,

180–250, 250–300 and 300–500 lm. X-ray diffraction

technique (XRD) was used to confirm the amorphous

character of the prepared material; it was also verified that

the grinding procedure did not cause any crystallization.

The XRD analysis of amorphous and crystalline samples

was performed using a Bruker AXS diffractometer D8

Advance equipped with a horizontal goniometer and scin-

tillation counter utilizing CuKa radiation.

The crystallization experiments were performed using a

Q2000 heat flow differential scanning calorimetry (DSC)

(TA Instruments) equipped with an autosampler, RCS90

cooling accessory and T-zero technology. The instrument

was calibrated using In, Zn, and H2O; dry N2 was used as

purge gas at a flow rate of 50 cm3 min-1. Sample masses

varied between 8 and 10 mg. The DSC measurements

were realized as a simple heating scan from 150 to 350 �C;

the following heating rates were applied for each particle

size fraction: 0.5, 1, 2, 3, 5, 7, 10, 15, 20 and 30 �C min-1.

Very good reproducibility of the experimental data was

achieved. In order to achieve maximum precision during

the consequent data acquisition, the tangential area-pro-

portional baseline was used to subtract the thermokinetic

background (see Fig. 1 for an example of the baseline

construction). In Fig. 1, also two examples of DSC curves

datasets with subtracted thermokinetic backgrounds are

shown. Note that no other crystallization peaks/effects

occur at higher temperatures (measured up to the melting).

Results and discussion

Deconvolution procedure

Figure 1 shows that the crystallization behavior of the

Ge11Ga11Te78 glass is complex, exhibiting two overlapping

peaks, where the degree of the overlap increases with
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Fig. 1 a Example of the subtraction of the thermokinetic background

by means of the tangential area-proportionate baseline. b DSC curves

obtained for the 50- to 125-lm powder (data for the lowest heating

rates are omitted for better clarity). The thermokinetic background is

already subtracted. c DSC curves obtained for the 250 to 300-lm

powder (data for the lowest heating rates are omitted for better

clarity). The thermokinetic background is already subtracted
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heating rate (slightly) and particle size. In order to separate

the two respective sub-processes, we have applied the

kinetic deconvolution based on multivariate analysis

[13]—main advantage of this approach lies in the fact that

already the primary deconvolution takes into account the

basic kinetic equation:

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.

Note that most deconvolution procedures (like, for exam-

ple, the original Fraser–Suzuki deconvolution [14]) are

purely mathematical and only the consequent kinetic

analysis can confirm their justness and accuracy.

Regarding the deconvolution methodology, in the first

step the model-free methods, Ozawa [15] and Ozawa–

Flynn–Wall methods [16], were used to estimate the

apparent activation energy of crystallization E and pre-

exponential factor A for each set of DSC curves measured

for the given particle size. These methods are based on the

following respective equations:

ln qþð Þ ¼ �1:0516
E

RTp

þ const. ð2Þ

ln qþð Þ ¼ �1:0516
E

RTa

� �
þ const. ð3Þ

where q? is heating rate, Tp is the temperature corre-

sponding to the maximum of the peak, Ta is the temperature

corresponding to certain chosen values of conversion a.

The estimated E and A values are listed in Table 1.

Secondly, the appropriate kinetic model was chosen—this

step is based mostly on the researcher’s experience and

amount of information provided by supplemental tech-

niques like, for example, microscopy or XRD (preliminary

mathematical deconvolution can also help to suggest the

appropriate kinetic models). Note that the early/late correct

choice of the crystallization model can only shorten/pro-

long the determination of the overall reaction mechanism;

it does not have impact of the final quality of the results.

Based on the asymmetry of the crystallization peaks (see

Fig. 1), we have estimated the overall crystallization

mechanism to be composed of one nucleation growth

Johnson–Mehl–Avrami [17–20] process (the initial one)

and one autocatalytic Šesták-Berggren [21] process (the

following one). The JMA and AC models are expressed by

the following equations, respectively:

f að Þ ¼ m 1 � að Þ � ln 1 � að Þ½ �1� 1=mð Þ ð4Þ

f að Þ ¼ aM 1 � að ÞN ð5Þ

where m, M and N are the kinetic parameters of the two

models. The JMA parameter m is well known to reflect the

dimensionality of the growing crystallites as well as

nucleation conditions (the parameter usually varies

between 1 and 4) [20, 21], whereas the M and N parameters

of the AC model do not have direct physical meaning as

they correspond to the shapes of the two respective sides of

the kinetic peak (common values of these parameters range

between 0 and 2). Regarding the relation between the two

processes, in the first approximation we have set them to be

independent. In the third step of the kinetic deconvolution,

the multivariate analysis [13] was applied, based on the

minimization of the sum of squared residuals RSS

according to the following equations:

RSS ¼
Xn
j¼1

XLastj
k¼Firstji

wj;k Y expj;k �Ycalj;k

� �2

ð6Þ

wj;k ¼
Pn

j¼1 Lasti � Firstið Þ

n Lastj � Firstj
� �

abs Max Y expj;k

� �� �
þ abs Min Y expj;k

� �� �h i

ð7Þ

where n is number of measurements, j is index of the given

measurement, Firstj is the index of the first point of the

given curve, Lastj is the index of the last point of the given

curve, Yexpj,k is the experimental value of the point k of

Table 1 Values of E and A estimated by means of the Ozawa and Ozawa–Flynn–Wall methods

Particle size/lm EOz/kJ mol-1 log(AOz/s
-1) EOFW1/kJ mol-1 log(AOFW1/s-1) EOFW2/kJ mol-1 log(AOFW2/s-1)

0–20 220.7 26.54 261 26.20 216 26.73

20–50 216.3 20.01 249 23.62 213 20.81

50–125 208.5 18.65 229 21.11 204 18.23

125–180 203.1 18.06 221 19.94 200.5 17.84

180–250 200.9 17.81 217 19.43 199 17.64

250–300 199.8 17.67 211 18.75 196 17.34

300–500 197.4 17.37 208 18.32 194 17.06

Since these values were used only as initial input parameters for the overall optimization, no error analysis was performed. The Ozawa method

was used only for the second peak (the AC one); the OFW method was used to estimate the model-free parameters for both peaks
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curve j, Ycalj,k is the calculated value of the point k of

curve j, and wj,k is weighting factor for the point k of curve j.

Note that the expression for wj,k (Eq. 7) is optimized for the

DSC measurements, so that each measured curve is weighted

despite the different number of measured points and

increased errors due to the magnifying influence of heating

rate on measured heat flow.

For each respective particle size fraction, the whole

set of DSC curves obtained at different heating rates was

optimized altogether. The correlation coefficients R2

obtained for the overall fits of the sets of DSC curves

(corresponding to the measurements taken for the

respective particle size fractions) ranged between 0.992

and 0.997. All the kinetic parameters involved in the

optimization (E1, A1, DH1, m1, E2, A2, DH2, M2 and N2)

were set as variable, i.e., the E and A values obtained via

the model-free methods were used only as initial inputs

and were further improved during the optimization. The

suitability of the pre-selected models (JMA for the first

process and AC for the second process) was confirmed

by additional testing of all available different kinetic

models (21 different models including those finally

selected). Furthermore, the possibility of the mutual

dependency of the two processes was tested by means of

the multivariate analysis—the following interdepen-

dence mechanisms were ruled out: parallel, competing,

switching, reversible reaction, independent inhibition,

by-product inhibition. The only competitive correlation

coefficient was obtained for the consecutive reaction

mechanism (A ? B ? C); however, this mechanism

can be ruled out based on the XRD results of the crys-

talline products. The temperature-resolved XRD data

have shown that the first crystallization peak corre-

sponds to the formation of hexagonal Te (P3121), while

the second crystallization peak corresponds to the for-

mation of hexagonal Ga2Te5 (P3m1) and rhombohedral

GeTe (R3m). The corresponding diffraction patterns are

shown in Fig. 2. This left the only option of the two

crystallization processes being independent (as was

suggested in the first place). Lastly, we have also tested

how the correlation coefficients improve when the

overall DSC curves are fitted using three processes—no

consistent improvement was observed. The separated

sets of DSC peaks were also evaluated by means of the

single-process kinetic analysis, and none of the kinetic

parameters (E, A, model parameters) exhibited any

dependence on a or q?. Considering the already very

good correlation coefficients, we can conclude that the

currently presented combination of the JMA and AC

processes represents the true formal kinetics of the

complex process.

Selected examples of the deconvoluted peaks are shown

in Fig. 3; note that the 0–20 and 20–50-lm particle size

fractions did not have to be deconvoluted since the two

peaks were well separated.

Interpretation of the kinetic parameters

In Fig. 4, the two respective activation energies E1 and E2

and pre-exponential factors A1 and A2 (corresponding to the

two deconvoluted crystallization processes) are plotted in

dependence on particle size—all lower indices in this

section correspond to the denotation of the ‘‘first’’ and

‘‘second’’ process. The activation energies decrease with

particle size, which is quite common for chalcogenide

glasses [9, 10] and can be explained by decreasing influ-

ence of the crystal growth originating from surface and

from mechanically induced defects (the defects-based

crystallization was found to exhibit higher activation
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energies) [9, 10]. The course of the evolution of the pre-

exponential factor A is mostly caused by the so-called

compensation effect (mathematical correlation between the

E and A values); however, this parameter is also respon-

sible for the exact position of a given peak in temperature.

Considering the evolution of both E and A, the significant

difference between the values corresponding to the first and

second peaks found for fine powders decreases with par-

ticle size—this is in agreement with the increasing degree

of overlap observed for rising particle size (see Figs. 1, 3).

Regarding the exact crystal growth mechanism, it was

already mentioned in ‘‘Deconvolution procedure’’ section

that the JMA and AC kinetics were attributed to the first

and second peak, respectively. In Fig. 5, the kinetic

exponents determined for these models (m1 for the JMA

model; M2 and N2 for the AC model) are plotted in

dependence on average particle size. As can be seen, their

values are more or less constant within the experimental

errors, indicating that the very kinetic mechanisms are not

influenced by changing ratio between the amount of the
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respective crystallization centers (surface and defects ver-

sus CNT volume-located nuclei). Incidentally, the indif-

ference of the kinetic manifestation of the two respective

processes also confirms their mutual independence.

Considering the obtained values of the JMA kinetic

exponent m1, they are in an excellent correspondence with

our previous results on Ge20Te(80-x)Sex glasses [22–25],

where also the first of the crystallization peaks corre-

sponded to the precipitation of hexagonal Te, followed

JMA kinetics and exhibited the mJMA values close to 1.4.

Note that this value of the JMA exponent was found to

correspond to the crystallization originating from

mechanically induced defects [10, 22, 26]. It appears that

the Te precipitation in the Ge–Te-based infrared glasses

follows similar kinetics regardless of the subsequent crys-

tallization mechanisms driven by the third added element

(Ga or Se for our case), which further confirms the inde-

pendent course of this process.

Lastly, the evolution of the crystallization enthalpies of

the two processes needs to be considered. In Fig. 6, the

overall crystallization enthalpy DH determined is a sum of

both overlapping peaks (empty points). In addition, the

relative portion of the overall enthalpy corresponding to the

first peak DH1/DH is also displayed in Fig. 6 (filled points).

As can be seen, the value of the overall crystallization

enthalpy DH first increases with particle size, and then (at

approx. 125- to 180-lm powder fraction), it stabilizes at

the maximum value of *42 J g-1. This effect was

observed also for our earlier studies [9, 10] and can be

explained by processing of the Cp-T dependences in terms

of the Kirchhoff’s law (note that the crystallization effects

shift to higher temperatures with increasing daver). The

possibility of the enthalpy increase being caused by the

change in crystallization products can be ruled out since for

the fine powders, the ratio between the enthalpies of the

two sub-processes is constant (filled points in Fig. 6). The

dependence of DH1/DH on daver, however, exhibits a sig-

nificant decrease for coarse powders. This effect can be

explained by the fact that the Te precipitation (the first

crystallization process) originates mainly from surface and

mechanically induced defects—as was confirmed by the

kinetic analysis. Since in case of coarser powders, the

amount of these crystallization centers dramatically

decreases, the number of correspondingly formed Te

crystallites also goes down and the remaining ‘‘surplus’’

amorphous matrix is transformed in the second crystal-

lization step.

Lastly, we can use the actual position of the crystal-

lization peaks in temperature (and its evolution with

respect to particle size) to obtain information about the

physicochemical background of the crystallization process:

It is apparent in Fig. 3 that at lower daver the surface

crystallization of Te shifts to lower temperatures due to the

increasing amount of mechanical defects that act as

nucleation centers—proportions of the peak (the charac-

teristic JMA asymmetry) confirm that the process is driven

by the surface nucleation growth mechanism. On the other

hand, the position of the second crystallization peak in

temperature is almost unaffected by daver (with the crys-

tallization onset being *260 �C), which indicates that

formation of GeTe and Ga2Te5 is independent from the Te

precipitation and that mechanical defects most probably do

not act as direct crystallization centers. Instead, it may be

formation of the Te-depleted amorphous regions (due to

the diffusion/relocation of the Te atoms into Te crystallites

associated with the formation of the Ge- and Ga-richer

zones) that initiates the crystallization of GeTe and Ga2Te5

phases. This assumption is supported by evolution of the

crystallization rapidity of these phases (see the shape and

width of the respective crystallization peaks in Fig. 3). In

case of fully finished Te crystallization (Fig. 3a), the con-

sequent formation of the GeTe and Ga2Te5 phases proceeds

more rapidly compared to the coarse powders (Fig. 3b),

where the significantly lower amount of Te-depleted

regions is created both overall and at the moment of start of

GeTe and Ga2Te5 formation.

Conclusions

The crystallization kinetics of the Ge11Ga11Te78 glass was

studied by means of DSC in dependence on particle size.

The complex crystallization process was deconvoluted by

means of multivariate kinetic analysis, and the following

crystal growth mechanism was identified: The crystalliza-

tion starts with the precipitation of hexagonal tellurium,

following the nucleation growth JMA kinetics (the crystal

growth was found to originate from mechanically induced
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defects); the precipitation of Te is then followed by for-

mation of Ga2Te5 and GeTe, which follows the autocat-

alytic kinetics. With regard to the influence of particle size

on the crystallization kinetics, expectedly it did not affect

most intrinsic aspects of the overall kinetic behavior

(models, their parameters and mutual correlation between

the two processes). The only aspects influenced by the

change in daver were apparent activation energy and the

ratio between the magnitudes of manifestation of the two

particular sub-processes. The apparent activation energy

was found to decrease with particle size for both sub-pro-

cesses, which indicates that also the second (AC) crystal-

lization sub-process involves growth from mechanically

induced defects. In addition, the intensity of the Te pre-

cipitation was found to decrease for the coarsest powders,

which corresponds to the significant decrease in the amount

of respective crystallization centers (defects and surface

imperfections).

As results from the present study, one needs to be

cautious when using DSC crystallization data for deter-

mination of glass stability of the Te-based chalcogenide

glasses due to the large variability of the ‘‘crystallization

temperatures’’ dependent on the applied heating rate and

sample form. In addition, since the primary crystallization

process was found to be surface Te precipitation, the Ge–

Ga–Te materials seem not to be suitable for development

of glass–ceramics. However, the present results indicate

that the intensity of Te precipitation decreases with daver,

which may favorably influence controlled crystallization of

defects-free (bulk) samples.
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