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Abstract 

 Differential scanning calorimetry (DSC), X-ray diffraction (XRD), infrared 

microscopy and Raman spectroscopy were used to study the crystallization behavior of the 

(GeTe4)x(GaTe3)100-x glasses for far-infrared optics. Two independent overlapping 

crystallization processes were found – the initial surface-located precipitation of hexagonal Te 

and Ga2Te5 phases, followed by formation of the rhombohedral GeTe phase. The initial 

precipitation process, and in particular the formation of the Ga2Te5 phase, was found to be 

catalyzed by presence of mechanically induced defects. Finely powdered materials with 

higher GaTe3 content also exhibited more pronounced separation of the two crystallization 

sub-processes. Glass stability of the prepared glasses was evaluated in terms of the Hrubý 

criterion - the (GeTe4)86(GaTe3)14 composition was found to be the most stable and most 

resilient to the negative crystallization-enhancing influence of structure defects. Pros and cons 

of the compositional evolution of the crystallization behaviour (determined via full kinetic 

description of the involved crystallization sub-processes and kinetic prediction of the 

crystallization behavior) were discussed with regard to the ceramics and glass-ceramics 

applications. Glasses with low GaTe3 content appear to be most suitable for preparation of 

fully ceramic materials, whereas glasses with high GaTe3 content seem to be most suitable for 

the glass-ceramics applications.  
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1. Introduction 

Fully telluride chalcogenides based on the GeTe4 alloy belong among the most 

promising materials for far-infrared optics applications (with the only real competition being 

the (As2Se3)x(As2Te3)100-x glasses). [1, 2] The benefit of fully telluride GeTe4 matrix (its high 

transmittance in the far-infrared (IR) region reaching up to ~ 28 µm [3]) is countervailed by 

the GeTe4 material being a poor glass-former, certainly not sufficient for e.g. fiber-drawing or 

lens-moulding applications. [4, 5] This issue can be solved by addition of a glass-forming 

element - the most common choices include Se, Ga and I. [6 - 9] As selenium and iodine 

exhibit certain disadvantages (addition of selenium narrows the transmittance window; 

volatility of iodine complicates the synthesis and may lead its non-homogeneous distribution 

in the base matrix), addition of gallium appears to be most suitable. Suitability of the Ge-Ga-

Te chalcogenide system for the far-infrared optics applications was from the optical point of 

view (high transmittance up to 28 µm confirmed in [6, 10, 11], however only very little is 

known about the thermal properties of these glasses. The glass-forming region in the Ge-Ga-

Te chalcogenide system is centred along the pseudo-binary GeTe4-GaTe3 line as reported in 

[6]. The contemporary literature on Ge-Ga-Te chalcogenide glasses contains only very few 

information about the thermal properties of these materials, majority of the articles reports 

only the characteristic temperatures corresponding to glass transition Tg, crystallization peak 

Tc and melting onset Tm. [6, 10 - 12] 

Detailed knowledge of the thermal behavior and crystallization kinetics in particular is 

important not only for safe processing of the prepared glassy material (e.g. the fiber-drawing 

or lens-moulding procedures) but it is also crucial for preparation of the corresponding glass-

ceramics with enhanced mechanical properties, which are determined by the fraction of the 

crystalline phase and by the quality of the formed crystallites. [13, 14] Note that the 

chalcogenide glass ceramics is readily used in various fields [15 - 19], potential applicability 
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of the (GeTe2)80(Ga2Te3)20 ceramics for thermoelectric applications and PCRAM data-storage 

was suggested in [20]. The Ge-Ga-Te glass-ceramics with its enhanced mechanical properties 

and good far-IR transparency could then find usage in applications demanding high 

performance under extreme conditions (e.g. in construction of space telescopes searching for 

the traces of CO2, O3 and H2O as signs of extra-terrestrial life [6, 10 - 12]). 

In the present article a detailed study of thermally induced crystal formation in the 

(GeTe4)x(GaTe3)100-x chalcogenide glasses will be reported. The kinetics of crystallization in 

these materials will be described in dependence on particle size of the powdered glass to 

account for different routes of synthesis and potential applications. The predicative potential 

of the performed kinetic calculations will be critically discussed with regard to the preparation 

of Ge-Ga-Te glass-ceramics. 

 

2. Experimental 

The (GeTe4)x(GaTe3)100-x glasses (for x = 40, 50, 60, 67, 75, 86 and 100) were 

prepared by the common melt-quenching technique; adequate amount of pure elements (5N 

Sigma-Aldrich) were introduced in fused silica ampoules, which were consequently 

evacuated, sealed and annealed at 950 °C for 24 h (followed by water-quenching). The 

prepared glassy ingots were powdered (using agate mortar and pestle) and sieved through 

sieves with defined mesh size to obtain the following particle size fractions: 20–50, 125–180 

and 300–500 μm.   

The thermally induced crystallization was studied by means of differential scanning 

calorimetry, using the Q2000 heat-flow DSC device (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. 

The sample controlled to be 8–10 mg was weighed into an aluminum pan and hermetically 
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sealed. The DSC measurements were performed as simple heating scans between 150 and 

450 °C; the following heating rates q+ were applied for each particle size fraction: 0.5, 1, 2, 5, 

10 and 20 °C·min-1. Very good reproducibility of the experimental data was achieved – both 

position and shape of the kinetic peaks were exactly similar for 20 measurements selected 

across the matrix of experimental/compositional conditions.  

The XRD analysis of amorphous and crystalline samples was performed using a 

Bruker AXS diffractometer D8 Advance equipped with a horizontal goniometer and 

scintillation counter utilizing CuKα radiation. Fully amorphous character of the as-prepared 

glasses was confirmed. It was also verified that the grinding procedure applied to obtain 

different powder size fractions did not cause any crystallization. The crystallization products 

were examined also by means of the infrared microscope Olympus BX51 equipped with 

XM10 camera (reflection mode). Structural information was obtained by the Nicolet DXR 

Raman spectrometer (Thermo Fisher Scientific) utilizing 780 nm excitation laser (10 mW, 

200 scans → 10 s each) with laser spot size equal to 3.1 µm.  Compositional homogeneity of 

the as-prepared Ge-Ga-Te glasses was confirmed by measurements of the glass transition 

effect for samples taken randomly from the as-prepared glassy ingot taken out of the ampoule 

– both position and height of the relaxation peak matched perfectly; no shoulders or double-

peak effects occurred. 

 

3. Results and discussion 

 Typical DSC records corresponding to the measurements performed for 125–180 μm 

powders at 1 °C.min-1 are for all studied (GeTe4)x(GaTe3)100-x compositions depicted in 

Fig. 1A. The crystallization effects show a very consistent trend with decrease of GeTe4 

content – the shape-wise almost uniform single peak (exhibiting only minuscule shoulder) 

present for pure GeTe4 gets split into two sub-peaks: the first sub-peak having the same 
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original onset and the second sub-peak being gradually shift to higher temperatures with 

increasing GaTe3 content. Akin behaviour was previously reported for the Se-doped GeTe4 

glasses, where the first (low-temperature) peak corresponded to the surface precipitation of 

hexagonal Te and the second (high-temperature) crystallization peak corresponded to 

formation of rhombohedral GeTe phase and additional unidentified Ge-Te-Se phases. [21 -

 23] Based on the evolution of the shape of melting peaks, the system clearly exhibits eutectic 

at ~ 357 °C; the exact eutectic composition appears to be very close to (GeTe4)66.6(GaTe3)33.3; 

i.e. possibly lying directly on the presently studied  compositional line. Note that the depicted 

DSC curves are truly representative as only negligible changes in the shape of crystallization 

and melting peaks occurred with changing heating rate. 

 The base structural information was for the prepared (GeTe4)x(GaTe3)100-x glasses 

obtained by Raman spectroscopy – the spectra are depicted in Fig. 1B. The Raman peaks can 

be assigned as follows: peak at 106 cm-1 corresponds to the corner-shared GeTe4 tetrahedra 

and vibrations of the defective octahedral environment in the GeTe4 tetrahedra. [24 - 26]; 

peak at 125 cm-1 corresponds to the symmetric stretching mode of corner-sharing Te-rich 

GeTe4-nGen (n = 0, 1, 2) tetrahedra [24, 27, 28]; peak at 140 cm-1 corresponds  to highly 

ordered Te structures [27, 29, 30]; and peak at 154 cm-1 corresponds to symmetric stretching 

mode of edge-sharing GeTe4 (or Ge-rich) tetrahedra, and to a contribution from short, 

amorphous, distorted Te chains [24, 26, 28, 31]. There is still some uncertainty about the 

exact bonding arrangements of Ga in the Ge-Ga-Te glasses: [32] reports gallium to be 3-fold 

coordinated and forming covalent bonds with non-bonding p electrons of Te, i.e. Ga atoms do 

not build into the Ge-Te covalent network; on the other hand in [33] gallium was reported to 

be 4-fold coordinated and built directly into the Ge-Ga-Te tetrahedral network. The 

assignment of the Ga-Te Raman vibrations is therefore still associated with uncertainty. It is 

reported in [25, 33 - 35] that the Raman signals of GeTe4 and GaTe4 tetrahedra overlap (at 
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least in glassy matrices, where bands are broad and more overlapping) – this is in general 

correspondence with the present results, as no new band (which already is not assigned to 

GeTe4 vibrations) occurs with addition of Ga and also no large changes in mutual bands 

proportion occur as Ga is gradually added. Nonetheless, the spectra in Fig. 1B indicate 

(increases of the 140 cm-1 and 154 cm-1 peaks with GaTe3 content) that presence of Ga leads 

to partial segregation of Te (larger signal corresponding to the Te chain backbone and Te 

dimers) and simultaneously possibly also to certain consolidation of the GeTe4 network 

(higher signal of the edge-shared tetrahedra, which is however overlapped with that of Te 

chains). In addition, separated Te micro-regions are possibly formed within the amorphous 

Ge-Ga-Te structure. [36] 

 Micrographs in Figs. 1C and 1D show partially DSC-crystallized (GeTe4)60(GaTe3)40 

and (GeTe4)86(GaTe3)14 bulk samples, respectively (the partial crystallinity was achieved non-

isothermally at 5 °C.min-1). Clear distinction between the two crystal morphologies is 

apparent. At low GeTe4 contents the initially formed crystallites tend to be spherical and the 

surface crystallization centres are fewer, in case of the high GeTe4 contents the crystalline 

layer is very compact with no distinction between the particular crystallites (indicating 

extensive number of newly formed nuclei, i.e. true surface growth). The compositional 

borderline between the two cases is not very sharp and seems to be located at around 75 at.% 

GeTe4. 

 In order to identify the nature of the two gradually separating DSC peaks occurring at 

lower GeTe4 contents, the XRD measurements were performed for all fully crystallized 

samples (Fig. 2) and for the two selected powder samples (125 – 180 μm, GeTe4 contents of 

40 and 50 at.%) heated in DSC only to the maximum of the first crystallization peak and then 

rapidly cooled (the diffraction patterns are included in Supplemental Online Material). The 

XRD patterns of fully crystallized samples show that all samples contain hexagonal Te 
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(P3121, 04-007-5290) and rhombohedral GeTe (R3m, 04-002-5568) – note that for the 

(GeTe4)40(GaTe3)60 material the GeTe diffraction lines are very weak but new (similarly 

weak) diffraction lines corresponding to the tetragonal Ga2Te5 (I/4m, 04-002-4771) occur. 

The third identified phase was the hexagonal Ga2Te5 (P3m1, 00-045-0954), however most of 

its strongest XRD lines fully overlap with those from Te. Based on the presence of several 

weaker Ga2Te5 lines (at 46, 49.5 and 67.9°) that are slightly shifted compared to the 

neighbouring Te lines, it can be concluded that the Ga2Te5 phase is present even for the 

(GeTe4)86(GaTe3)14 composition. Note that occurrence of the particular crystalline phases was 

independent from the powders size fraction (as tested for the finest and coarsest powders of 

compositions with 40, 67 and 100 at.% GeTe4). 

 The XRD records obtained for the selected Ga-rich compositions heated up to the 

maximum of the first crystallization peak show that (apart from the Te phase) the Ga2Te5 

phase is also present. This is quite unique as opposed to the iodine and selenium doped GeTe4 

matrices [21, 22, 37], where the Ge-Te-Se and Ge-I phases were formed during the second 

crystallization peak and only hexagonal Te was identified in the semi-crystalline product 

corresponding to the samples heated up to the first crystallization peak. In case of the present 

material the Ga2Te5 crystalline phase is formed from the primary nuclei simultaneously with 

hexagonal Te. This finding supports the conclusions derived in the structural study [32], i.e. 

that Ga atoms are not incorporated directly into the Ge-Te covalent network and bonded only 

to Te; hence the first Te precipitation initiates also the formation of Ga-Te crystalline phase. 

This is also supported by the IR micrographs in Figs. 1C and 1D, which depict the increased 

difficulty of the initial crystal formation (much lower number of primary nuclei and 

nucleation-growth mechanism as opposed to the pure surface growth) manifesting at higher 

Ga contents. 
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 To understand the shift the second crystallization peak (corresponding mainly to 

rhombohedral GeTe) to higher temperatures with increased Ga content (see Fig. 1A), the 

overall influence of particle size on crystallization behavior needs to be considered. The data 

corresponding to the DSC measurements obtained at 10 °C.min-1 are for all studied 

(GeTe4)x(GaTe3)100-x compositions and powder size fractions depicted in Figs. 3A, 3B and 

3C. The following conclusions can be derived based on the DSC data:  

1) the first crystallization peak shifts to significantly lower temperatures with decreasing 

particle size, which corresponds to the Te precipitation starting from surface and being 

catalyzed by presence of mechanically induced defects.  

2) the onset of the first crystallization peak is almost invariant with regard to composition, 

which indicates that only low amount of Ga atoms is needed for the Te precipitation 

centers to be saturated (the onset of the first peak is not further influenced by increased 

presence of Ga atoms). 

3) the higher the Ga content, the less the position of the second crystallization peak 

(presumably corresponding mainly to the formation of the GeTe phase) is influenced by 

particle size. This infers that at higher Ga contents the GeTe phase is formed in the 

volume of the grain, being not influenced by the rapidity of surface processes. 

4) the stronger the Te precipitation (basically with decreasing powder size), the more 

prominent the separation of the two crystallization peaks with increasing Ga content. The 

formation of the GeTe phase being dependent on the preceding formation of the Te phase 

– compare the rapidity of the overall crystallization processes for pure GeTe4 glass at 

different powder sizes (considering that incongruent crystal formation occurs – 

crystalline GeTe from base GeTe4 matrix, depletion of Te from the base matrix due to its 

precipitation can initiate/accelerate formation of GeTe). The influence of gallium can 
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then be interpreted as not only stabilizing the remaining Ge-Te network but also 

preferentially occupying/utilizing the crystallization centers created by Te precipitation.  

From the practical point of view, one of the most important features depicted in 

Figs. 3A-C is the marked invariance of the crystallization onset on composition. Apart from 

the pure GeTe4 glass, the crystallization onsets for all other compositions with the given 

powder size are similar within ~ 3 – 5 °C. This is very important for the processing (drawing, 

moulding) and general stability of the studied glasses. Note that whereas it is usually the 

maximum of the crystallization peak that is used to evaluate the glass stability via e.g. the 

Hrubý criterion KH (see Eq. 1), it is in fact the crystallization onset (temperature 

corresponding to the first occurrence of crystallites) that determines the true stability of the 

glass. The marked invariance of the crystallization onset with changing Ga content indicates 

that in case of the Ge-Ga-Te glasses the compositional evolution of glass stability will depend 

mostly on the position of Tg (due to the presence of eutectic, i.e. compositionally invariant 

Tm), the values of which were taken from [36], – as depicted in Fig. 3D. Consequently, it is 

the glasses with relatively low GaTe3 content (15 – 20 at.%) that exhibit highest glass 

stability. The glass stability also naturally decreases with decreasing particle size due to the 

larger surface and higher amounts of mechanically induced defects that act as crystallization 

centers. Diminishing of this effect (as occurs at low GaTe3 contents) is advantageous because 

of the correspondingly lower susceptibility of bulk glass towards undesirable crystal growth 

on various interfaces and/or microscopic bruises. Based on the above-described findings, the 

(GeTe4)86(GaTe3)14 composition appears to be most suitable for far-IR applications utilizing 

fully glassy materials. 

(1) 

In order to describe the DSC crystallization data, a series of 6 measurements at 

different heating rates was performed for each composition and powder size; example of such 
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dataset is for the 300–500 μm (GeTe4)50(GaTe3)50 powder shown in Fig. 3E. Each dataset was 

then evaluated by means of multivariate kinetic analysis MKA [38], a nonlinear optimization 

method based on the following set of equations, including the standard DSC equation (Eq. 4):  

 

(2) 

 

(3) 

 

(4) 

where RSS is the sum of squared residua, 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 curve j, 

Ycalj,k is the calculated value of the point k of curve j, wj,k is weighting factor for the point k of 

curve j, Φ is the measured heat flow, ΔH is the crystallization 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(α) stands for an expression of a kinetic model with α being 

conversion. Note that the expression for wj,k (Eq. 3) 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. 

 During the MKA optimization the standard available 21 kinetic models and their 

mutual dependences (different reaction routes involving the parallel, competing, consecutive, 

independent, switching, reversible reaction, independent inhibition and by-product inhibition 

reaction mechanisms) were tested. Based on the best correlation coefficient the combination 

of two independent crystallization sub-processes following the nucleation-growth Johnson-

Mehl-Avrami [39 - 42] (JMA, the low-temperature one) and the autocatalytic Šesták-
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Berggren [43] (AC, the high-temperature one) kinetics. The JMA and AC models are 

expressed by the following equations, respectively: 

(5) 

(6) 

where m, M and N are the kinetic parameters of the two models. Example of such kinetic 

deconvolution of the complex crystallization process is shown in Fig. 3F. 

 Multivariate kinetic analysis provided complete enumeration of Eq. 4 for each 

measured dataset. Graphs in Fig. 4 depict the obtained compositional and powder size 

dependences of the overall and particular crystallization enthalpies. The compositionally 

invariant overall crystallization enthalpy (approx. 40 J·g-1) suggests that formation of both 

major crystalline phases (Ga2Te5 and GeTe) manifest with roughly similar evolved heat. This 

definitely means that the increased crystallization enthalpy obtained for the first 

crystallization peak at high GaTe3 contents (see Fig. 4C) has to be associated with formation 

of the additional GaTe3 phase because the amount of surplus Te decreases with decreasing 

GeTe4 content (note that GeTe4 composition can crystallize into rhombohedral GeTe and 

three times the amount of hexagonal Te; i.e. the amount of crystalline Te and hence the 

enthalpy of the first crystallization peak should decrease if only the tellurium phase was 

formed during that process). This effect is more pronounced for fine powders, thus also the 

formation of the GaTe3 crystallites is accelerated by increased presence of mechanically 

induced defects. Accordingly, the crystallization enthalpy associated with the second 

crystallization peak decreases for fine powders as the amount of available GeTe4 phase 

decreases. Interestingly, for coarse powder fraction (with large bulk-to-surface ratio) the 

crystallization enthalpy of the second crystallization peak does not change, which indicates 

that formation of the GaTe3 crystalline phase is largely enhanced by the presence of 

mechanically induced defects and their absence leads to the GaTe3 phase formation being 
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relocated towards the secondary crystal growth initiated together with the formation of the 

GeTe phase. 

 Apart from determination of the crystallization enthalpy, the MKA method provided 

full set of kinetic parameters for each measured dataset. In Fig. 5A the apparent activation 

energy of the crystallization process is shown for the two sub-processes in dependence on 

composition and particle size. The E values are generally slightly lower for the second sub-

process; the larger the difference the more the crystallization of the system is controllable via 

application of different heating rate, which may be advantageous through enlarged portfolio 

of controlled crystal growth options in glass-ceramics applications. On the other hand, for 

applications requiring fully ceramic material the consistency of crystal formation is needed, 

prioritizing the simultaneous formation of all crystalline phases, as found for coarse powders 

with low GaTe3 content. These powders exhibit larger difference in activation energies of the 

two crystallization sub-processes (which in theory should be disadvantageous for controlled 

preparation of ceramics), however considering that only a limited range of heating rates is 

usually applied for the ceramics processing, the difference in E values should not be an issue. 

 The kinetic parameters of the JMA and AC models determined by MKA for all studied 

datasets are depicted in Fig. 5B. Most trends in the compositional/powder size evolution of 

the parameters are rather uniform and well identifiable, ensuring reliable crystal growth 

prediction for the potential glass-ceramics applications. Similar conclusion arises also from 

the relatively high correlation coefficients (see Fig. 5C), indicating not only high reliability of 

the data but also their consistency with respect to the applied heating rate (note that in MKA a 

simultaneous optimization of all six measurements obtained at different q+ was applied). To 

further explore the possible restrictions arising from q+ slightly influencing the shape of the 

kinetic peaks and thus the resulting kinetic parameters, the modified MKA was applied, based 

on individual optimization for each DSC curve employing fixed E values (determined during 
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the simultaneous fit). The values of kinetic parameters obtained for different q+ were then 

used to predict the rate of crystalline phase formation at intermediate heating rate to 

demonstrate the effects of averaging and extrapolations on the kinetic prediction. This is for 

the 125 – 180 μm (GeTe4)50(GaTe3)50 powder (where the differences in parameters were 

largest) demonstrated in Fig. 5D. As is apparent, the averagings/extrapolations have only very 

small effect on kinetic predictions (confirming the relatively good consistency of the data 

with respect to q+) and thus can be for the present materials neglected in the glass-ceramics 

development. 

 

4. Conclusions 

 The crystallization behavior of the (GeTe4)x(GaTe3)100-x glasses was studied by means 

of DSC, XRD infrared microscopy and Raman spectroscopy. The study was performed in 

dependence on particle size to demonstrate the influence of the mechanically induced defects 

and increased surface on the crystal growth tendency. The complex crystallization data 

consisting of two main overlapping peaks were deconvoluted by means of multivariate kinetic 

analysis and the following crystal growth mechanisms were identified: the crystallization 

starts with the precipitation of hexagonal tellurium and formation of hexagonal Ga2Te5 phase 

(following the nucleation-growth JMA kinetics); the second crystallization peak then 

corresponds to formation of the rhombohedral GeTe and remaining Ga2Te5 phases, which 

follow the autocatalytic kinetics. The initial crystallization peak increased in magnitude with 

increase of GaTe3 content and with decrease of powder particle size, indicating that presence 

of mechanically induced defects enhances formation of the GaTe3 crystallites. Based on the 

glass stability criteria (evaluated for the crystallization onsets for better accuracy), the 

(GeTe4)86(GaTe3)14 composition appears to be most stable and indifferent to the presence of 

structural/morphological defects, and hence most suitable for far-IR applications utilizing 
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fully glassy materials. Regarding the (GeTe4)x(GaTe3)100-x ceramics, the glasses with low 

GaTe3 content seem to be most suitable here, too, due to the simultaneous formation of all 

crystalline phases invariant with applied experimental conditions. On the other hand, for the 

case of the glass-ceramics processing the materials with high GaTe3 content exhibit the most 

uniform crystallization behaviour, offering the best control over the crystal growth process. 

Crystal growth predictions utilizing the q+-dependent kinetic parameters have shown that the 

effect of heating rate dependent kinetics is negligible for the Ge-Ga-Te glasses and does not 

have to be considered for the processing of the corresponding ceramics. 
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Figure captions 

 

Fig. 1: A) Example DSC curves obtained for the 125 – 180 μm powders heated at 1 °C·min-

1 and all studied (GeTe4)x(GaTe3)100-x compositions. Exothermic effects evolve in the 

upwards direction. 

 B) Raman spectra obtained for all studied (GeTe4)x(GaTe3)100-x compositions. 

 C) Infrared micrograph for the partially crystalline (GeTe4)60(GaTe3)40 bulk sample. 

 D) Infrared micrograph for the partially crystalline (GeTe4)86(GaTe3)14 bulk sample. 

 

Fig. 2: Diffraction patterns of fully DSC-crystallized (GeTe4)x(GaTe3)100-x materials. 

 

Fig. 3: A) DSC crystallization data obtained for 20 – 50 μm powders heated at 10 °C·min-1. 

B) DSC crystallization data obtained for 125 – 180 μm powders heated at 

10 °C·min-1. 

C) DSC crystallization data obtained for 300 – 500 μm powders heated at 

10 °C·min-1. 

D) Compositional dependences of glass transition temperatures (obtained at 

10 °C·min-1) and Hrubý criteria (evaluated from crystallization onsets and in 

dependence on particle size). 

E) Example kinetic dataset (set of DSC crystallization curves obtained at different 

q+) obtained for the 300–500 μm (GeTe4)50(GaTe3)50 powder. 

F) Example MKA deconvolution of the 20 °C·min-1 DSC curve from graph E. 

 

Fig. 4: Compositional and particle size dependences of the overall (ΔH) and particular (ΔH1, 

ΔH2) crystallization enthalpies determined via MKA. 

 

Fig. 5: Compositional and particle size dependences of apparent activation energies (graph 

A), JMA and AC kinetic exponents (graph B) and correlation coefficients (graph C) 

obtained from MKA. Graph D depicts theoretically simulated data for q+ = 5 °C·min-

1, where the kinetic parameters were obtained by the modified single-curve-

optimized MKA (for the DSC curves measured at 1, 5, 10 and 30 °C·min-1) with 

fixed E values (obtained from the simultaneous optimization of all DSC curves).  
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Fig 4 
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