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Two types of As2S3 chalcogenide glasses, the bulks made by melt-quenching and the 

powders made by mechanochemical processing were prepared, the relaxation behavior 

was studied by means of differential scanning calorimeter (DSC). It is found that there 

exist structural relaxation in the bulk glass by melt-quenching and the stress relaxation in 

the powders glass by mechanochemical processing, respectively. Meanwhile, the fragility 

m is determined by modified AM equation indicating that As2S3 glass is rather strong glass. 

By Raman spectra, the microstructure changes of both the bulk and powders were 

analyzed. It is found that the strong relaxation behavior occurs in As2S3 glass powder due 

to the structural changes and the increasing of the defects and dislocations during 

mechanochemical processing.  
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1. Introduction 

 

The formation and relaxation mechanism of glass is one of the greatest challenging 

unsolved problems in the fields of condensed matter physics and materials science 
[1-5]

. The study 

of relaxation is one of the key scientific researches, some physical and thermodynamic properties 

may change in a specified range with temperature. Meanwhile, one can obtain plenty of useful 

information from the changes, which is beneficial to modify the structure or optimize the 

composition. 

Although considerable studies on the relaxation phenomenon have been made in the past 

decades years, many theories and models were built, the true nature is still under debate. The 

relaxation behavior is not only found in the high-Tg oxide glasses and some other glasses 
[6]

, but 

also recorded in low-Tg glass such as chalcogenide glasses 
[7-9]

. Nevertheless, most studies of the 

relaxation, such as structural relaxation, were conducted by ultra-quenching or annealing 

processing. The relaxation caused by mechanochemical processing is seldom reported. It is well 

known that mechanochemical processing is a powder processing technique, which involving the 

deformation, fracturing and cold welding of the particles during repeated collisions with a ball 

during high-energy milling 
[10]

. Under cyclic high energy ball milling, the bonds are broken and 

rebuilt and the mechanochemical processing makes the powder particles into a non-equilibrium 
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state which should have a relaxation behavior 
[11]

.  

The main focus of this paper was to illustrate the stress relaxation behavior caused by 

mechanochemical processing. Differential scanning calorimeter (DSC) was used to measure the 

heat capacity and the thermal block of the samples made by melt-quenching and mechanochemical 

processing, respectively. Through the investigation of Raman spectra, the microstructural changes 

were also analyzed. 

 

 

2. Experimental 

 

High purity As (Aladdin, 99.99%) and S (Aladdin, 99.99%) powders were used as starting 

materials for sample preparation. For details, see the previous work in our lab
 [12-18]

. The raw 

materials in appropriate atomic percentage were weighed and put into quartz tubes which were 

sealed under a vacuum of 10
-3

 Torr. The sealed tube was melted at 973K to 1073K for 12h in a 

rocking furnace and then annealed at 473K for 2h after being quenched into ice cooled water. The 

mechanical milling treatment was carried out for the bulk glass by means of a high energy 

planetary ball milling apparatus (Fritsch Pulverisette 7). The glass was milled at 600rpm for 6h. 

The heat capacity of both the bulks and powders was measured by using differential 

scanning calorimeter (DSC) (PerkinElmer Pyris1 and Netzsch STA 449F1). The temperature 

precision of this equipment is ±0.1K in the measured values. Glasses subjected to the first 

downscan cooled at 10 K/min are called the “standard glasses”. The second upscan Cp curve of the 

standard glass is termed as the “standard curve”. In order to determine the Cp curve of the samples, 

both baseline and sapphire (as reference material) were measured. 

Raman spectra experiments were performed using a continuous YAG:Nd laser with a 

wavelength of 1064nm, a typical power of 0.1W, and spectral resolution of 4 cm−1 were used for 

recording spectra in the range 100–800cm−1. The spectra were collected with an Intelligent Fourier 

infrared spectrometer (Therno Nicolet, Nexus).  

 

 

3. Result and discussion 

 

The fragility m is an index to evaluate the ability of glass-forming which is defined as the 

slope of the log η versus Tg/T curve at Tg 
[19]

: 
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Recent studies have shown the correlation between the cooling rate and the viscosity of 

glasses 
[20, 21]

, so the calculation of fragility m can be simplified as the modified AM equation: 
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Where η is the shear viscosity of the glass. qc is the cooling rate during differential 

scanning calorimeter (DSC) measurement and Tg is the glass transition temperature which is equal 

to the shear viscosity of the glass at 10
12

 Pa s 
[22]

. 

 

Fig.1. DSC curves of the bulk As2S3 glasses at different selected heating rates.  

The inset: the plot by fitting Eq. (2) where the slope represent the “fragility m”. 

 

 

Fig.1 is the DSC curves of the bulk glass. As shown in Fig.1, in order to determine the 

fragility m, the bulk As2S3 glass was heating and cooling at 5k/min, 10k/min, 20k/min and 30k/min 

respectively. The glass transition temperatures (Tg) of the four curves above are determined at 

465K, 470K, 474K, 479K, respectively with different heat rates. By fitting Eq. (2) to the 

experimental lg (1/qc) ~Tg/T data as shown in Fig.1 inset, m is found to be 25~26. Although there 

is no standards to determine the strong or fragile characters of glasses based on m value, a value of 

m<20 typically implies a strong glasses and m>20 implies a fragile glass 
[23]

. Therefore, the As2S3 

glass can be considered as a rather strong glass. 

 
 

Fig.2. The heat capacity (Cp) curves of As2S3 glass samples, (a): the bulks and (b): the 

powders. In both the two figures, upscan1 and upscan2 represent the heat capacity (Cp) 

curves obtained from the first and second upscan of the DSC measurement, respectively. 

And the second upscan Cp curve is termed as standard curve. The heating and cooling 

rates  used  in  the  DSC  measurements  are 10K/min. The inset of both a and b: Tg  

determined by the second upscan Cp curve (standard curve). 
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Fig.2 (a) shows the heat capacity obtained from the first and second upscans and the 

second upscan is termed as the standard curve. The upscan1 curve in Fig.2 (a) reflects thermal 

history of the bulk As2S3 glass where a strong endothermic peak is shown in upscan1 curve, 

indicating the structural relaxation which is due to the annealing process. The bulk glass is 

suppressed in an elastic low-energy state in the annealing process. Thus, the glass will rebound to 

the high-energy state soon with a strong endothermic process (the endothermic area of the shadow 

is 6.1177 J/g) during heating. 

The curves shown in Fig.2 (b) are quite different because the sample formed by 

mechanochemical processing. In Fig.2 (b), a broad exothermic peak is observed from the first 

upscan curve, reflecting the release of the excess enthalpy of the powder prepared by 

mechanochemical processing. This phenomenon can be supposed that plenty of defects and 

dislocations are formed during milling. Meanwhile, with the decrease of the particles size and the 

change of the structure by grinding, great energy is stored. The area (22.597 J/g) between upscan1 

and upscan2 curves corresponds to the trapped excess enthalpy relative to that being stored in 

powders during milling. 

 
Fig.3. Raman spectra of As2S3 glass, curve a is for the bulk glass and curve b is for the 

 powders obtained by normalization the range from 100cm
-1

 to 600cm
-1

, respectively. 

 

 

To explain the relaxation behavior of the powders in Fig. (2) b, Raman spectra 

experiments are performed. From the Raman spectra in Fig.3, the stretching vibrational mode 

related to As2S3 glass can be observed at four main positions near 185cm
-1

, 231cm
-1

, 340cm
-1

 and 

490cm
-1

. According to the previous research on Raman spectra of As2S3 glass 
[24, 25]

, the strong 

peak at 340cm
-1

 and the weak peak at 312cm
-1

 are attributed to the stretching vibration and 

interaction of AsS3
 
pyramid, and the peak at 185cm

-1
 is considered as the cage structure of As4S4 

unit 
[26]

. The difference is the appearance of the weak peaks near 231cm
-1

 and 490cm
-1

 which is 

attributed to the presence of As4S4 fragments
 [27]

 and S-S bonds
 [28]

 due to the collision by 

mechanochemical processing. This phenomenon can be explained that dozens of surface dangling 

bonds are formed with the breaking of particle chemical bonds caused by mechanical collision 

during milling. Then, the dangling bonds combine with each other to form new bonds or structure. 

Meanwhile, energy is stored in this processing which is in accord with the thermal analysis results 

in Fig.2 (b). Thus, the mechanochemical processing do cause a strong relaxation due to the 

structural changes and the increasing of defects and dislocations during milling. 
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4. Conclusions 

 

In summary, the fragility m of As2S3 glass is determined by modified AM equation. The m 

value of As2S3 glass is found to be 25~26 which indicates that As2S3 glass can be considered as a 

rather strong glass. The structural relaxation of the bulk glass due to annealing is demonstrated. 

The glass powders made by mechanochemical method behave a typical strong relaxation, too 

excess energy stored in the glass powders due to milling is determined from two rounds of DSC 

upscan. The appearance of As4S4 fragments and S-S bonds show the structural changes during 

milling, which causes the relaxation behavior of the powders. 
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