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Abstract

Laser melting techniques have been used in the preparation of unconventional glass 

compositions with high melting temperatures. Thus, we wanted to test the feasibility of using 

a CO2 laser in the preparation of nitrogen rich oxynitride glasses and nitride silicate glasses. 

Melting from oxides and metallic raw materials, we wanted to study first glass formation and 

possible evaporation losses of the glass components. Two glass series were prepared and 

studied for their structure and thermal properties, one with Ca2+- and a higher melting La3+-

doped soda lime silicate series. In less than three minutes of laser melting, spheres of up to six

mm diameter were successfully fabricated. The obtained glass samples were homogeneous 

and transparent in the visible region. X-ray diffraction and Raman spectroscopic analysis 

confirmed the amorphous nature of the synthesized samples. Sodium losses increase as 

calcium is added to the soda lime silicate glass. As expected, increasing Ca2+ or La3+ addition 

leady to increased depolymerization of the silicate network. Moreover, the increases in Tg 

with the addition of Ca2+ or La3+ ions indicating strengthening of the soda lime silicate glass 

by increasing strength of the M-O bonds of divalent and trivalent ions over monovalent 

sodium ions, weak Na-O bonds also resulting in significant evaporation loss during the short 
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laser melting times. The thermal stability decreases upon addition of Ca2+ or La3+ ions to the 

soda lime silicate glasses. 

1. Introduction 

Soda lime silicate glass (SLS) is one of the most important, though by non-glass scientists 

perhaps underappreciated, high-performance material used in scientific research, industry, and

society. SLS glasses are commercially used for various products such as display and cover 

glasses, facades, windows, packaging, insulating materials or even bioactive materials. The 

key properties of these cost-efficient glasses, which makes them interesting materials, include 

high transparency in the visible region, high strength, high stability against crystallization, 

chemical durability, fiber drawing capability, compositional control of properties such as the 

index of refraction or coefficient of thermal expansion. Most of these properties depend on the

materials structure, which varies with composition and processing conditions 1-4. SLS glasses 

also have a relatively low price as compared to many other materials. 

In the current paper, we prepared SLS glasses, with the additional incorporation of modifiers 

such as Ca2+ or La3+, using laser melting. Laser melting is commonly used in the experimental 

preparation of glasses with high melting temperatures, or glasses which crystallize easily. 

Containerless melting and fast cooling rates can overcome crystallization, which might be 

observed when melting conventionally. While SLS glasses do not require laser melting, 

modifications, such as nitrification will increase the melting temperatures significantly. In 

order to better understand evaporation processes and if melting from reduced or metallic raw 

materials - CaH2 and metallic lanthanum were used in this study – we employed laser melting 

of two SLS glass series with varying calcium and lanthanum levels. The effects of the 

addition either ion on the glass structure were investigated by infrared (IR) and Raman 

spectroscopy, while the thermal properties of the samples were studied by DTA. 
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Calcium and Lanthanum were selected since both ions are common network modifier ions in 

both oxide and oxynitride glass systems. Increasing the Ca2+ and/or La3+ ion concentration for 

an otherwise unchanged glass composition, leads typically to the depolymerization of the 

silicate network by converting bridging oxygen (BO) atoms into non-bridging oxygen (NBO) 

ions. However, addition of only Ca ions to the silicate glass network might induce phase 

separation or partial crystallization, which can degrade their mechanical and optical properties

5-8. SLS glasses containing rare earth cations such as La3+, Pr3+ and Er3+ ions have major 

technological applications such as laser materials, optical amplifiers in telecommunication, 

high-refractory lenses and other optical components 9-10. Due to its lower cost as compared to 

other rare earth oxides, lanthanum is considered is an important additive in the glass industry. 

When La3+ ions are added to SLS glasses, their thermal expansion coefficient, molar volume, 

and electrical conductivity decrease, whereas the corrosion resistance, glass transition 

temperature, density, refractive index, hardness and elastic modulus increase 3, 11. Furthermore,

La3+ containing glasses have been proposed also as candidates for storage-matrices of 

radioactive waste 12. The distribution and local environment of the of Ca2+ / La3 ions in SLS 

glasses lead to changes in chemical, electrical and optical properties. Therefore, it is important

to understand the structural role of calcium/ lanthanum ions in the silicate glasses 13-14. It is 

well known that lanthanum oxide acts as network modifier, but the local structural parameters

of the La3+ sites in oxide glasses, as well as the distribution of coordination numbers and the 

assessment of La-La clusters with the existence of ‘free oxide‘ ions that are part of the La-rich

domains are still not clear 15-16. For example, both Wilding et al. 17 and Angeli et al. 18 could 

not find any direct evidence for the formation of La-La clusters in silicate and borosilicate 

glasses, respectively. As will be shown, no evidence of La-la clusters could be found in the 

current investigation either. 
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The batch material piled on a silica substrate was melted by infrared laser energy in melting 

times of less than 3 minutes. The melts were always surrounded by un-melted batch material, 

thus, no contamination such as often introduced by the crucible material could occur. 

2. Experimental

Batch compositions of 15Na2O-10CaO-75SiO2 (in mol%) were doped with various amounts 

of Ca/La compounds. As noted above, CaH2 was used as a source of Ca and metallic 

lanthanum as the source of La. All precursor chemicals were purchased from ChemPure 

(99.99% purity). 20 grams of powder in total were placed on thick silica substrate and melted 

by a CO2 laser. The laser power was ramped to a power density of approximately 3 W/mm2 in 

under 3 minutes. The weight of CaH2 or La metal to SLS powder was varied from 0.5 to 2.5 

wt%  with increasing steps of 0.5 wt%. For each of the 10 compositions, 5 beads were 

prepared in each system. The melts were cooled by turning off the laser. 

All samples were investigated by powder X-ray diffraction, using a Panalytical X’pert PRO 

MPD diffractometer and CuKα1 radiation. Powdered samples were dispersed on zero-

background Si plates, and patterns were recorded using variable slits in the 2θ-range 10° – 70°

for a total time of 30 min. All the samples were amorphous in nature. The homogeneity of the 

glasses was examined by scanning electron microscope (SEM) in backscatter mode using a 

LEO Gemini 1550, Zeiss, microscope. The chemical composition of the glasses was checked 

by energy dispersive X-ray (EDX) point analysis, using LINKAN 10000 and LINK INCA 

systems. The SEMs were operated at an acceleration voltage of 15 kV. 

Variations in the glass structure were studied by Raman and IR spectroscopy. A dispersive 

confocal Raman microscope (inVia Renishaw) was used to measure the Raman spectra in the 

range from 100 to 2000 cm−1 with a resolution of 2 cm−1, using the 514.5 nm laser excitation 
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line. For fluorescing samples, other laser excitation lines were tried as well including laser 

lines in the visible wavelength region at 488, 633, and 785 nm. In addition, the near-IR 1064 

nm excitation line of a Nd-YAG laser was used in combination with a BRUKER RFS100 FT-

Raman spectrometer, but this did not result in better resolved spectra for highly fluorescing 

glasses. Especially the lanthanum containing glasses exhibited strong fluorescence due to rare 

earth ion impurities. In any case, the best Raman spectra were recorded with 514.5 nm 

excitation and are presented in this work.

Infrared spectra were obtained by two methods; first, a quick screening was carried out with a 

Hyperion IR-microscope under air in the reflectance mode, probing different spots with 

dimensions of 100x100µm2 in order to check the homogeneity of the samples, which was 

found generally good. Samples were positioned so that the IR microscope could probe the 

mostly horizontal surface in the spectral range 680-4000 cm-1. Each of the displayed spectra 

results from the average of 128 scans. Additionally, glass pellets from pressed glass powder 

were analyzed in the reflectance mode on a vacuum IR spectrometer (Bruker Vertex 80v), 

covering the range from about 50 to 7000 cm-1. An average of 100 spectra in the mid infrared 

(500 to 7000 cm-1) and of 200 scans in the far infrared range (30 to 700 cm-1) was taken for 

further analysis. The mid and far IR spectra were merged before Kramer-Kronig 

transformation, which resulted in the absorption coefficient spectra 19. 

Thermal properties of samples were measured using differential scanning calorimetry (DSC). 

Measurements were performed on powdered samples placed in Al2O3 crucibles, up to 1000 °C

in flowing nitrogen with a NETZSCH STA 409PC instrument and a heating rate of 20 °C min-

1. The onset and midpoint of the endothermic drift on the DSC curve were taken as 

representing Tg. The exothermic processes observed in all samples were correlated with 

crystallization processes. The precision in the Tg and Texo values was estimated to be ± 3 oC.

3. Results and discussion
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3.1. Glass formation

A total of 10 glasses, 5 in each system were synthesized in order to determine the effect of 

different concentrations of Ca2+ or La3+ ions addition on the glasses structure and on the 

thermal properties. The analyzed glass compositions are tabulated in Table 1. X-ray 

diffraction patterns did not reveal sharp peaks; instead broad humps were observed 

confirming the amorphous nature of each sample. The glasses appear to be homogeneous, 

bubble-free, and optically transparent in the visible range. The elemental analysis of the laser-

melted glasses showed that they contain lower contents of sodium than the target 

composition, the loss of Na being higher in the Ca-series than in the La-series (Table 1). The 

loss of Na generally increased with the addition of higher amounts of Ca2+ or La3+. Generally, 

the high sodium losses compared to melt quenching, might be due to higher synthesis 

temperatures employed by laser melting and a much higher surface to volume ratio of small 

beads used in laser melting. The increase of sodium loss with calcium or lanthanum addition 

is more puzzling but might be related to changes of the Na-O bond strength in mixed systems.

Calcium was easier incorporated than lanthanum. Adding CaH2 to the batch could increase the

CaO content from 16 to 30 mol%, while only up to 2 mol% La2O3 could be oxidized from the 

metallic La-powder and incorporated into the SLS glass base.

All the glasses contain very a minute amount of ca. 0.1% Al as a trace element, which was 

introduced from the raw materials. 

3.2. Glass structure

3.2.1. Raman spectroscopy

The Raman spectra for the Ca- and La-series are shown in Fig. 1 (a) and (b), respectively. 

Band positions are indicated in each figure, where the measured broad bands are typical for 

silicate glasses. 
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A strong fluorescence background is seen to develop in the Raman spectra of the La-series. 

The fluorescence intensity increases with increasing La-level, since the fluorescing rare earth 

ions were most probably introduced by the lanthanum additions. Nevertheless, variations in 

the Raman spectra of the La-series are similar to those observed for the Ca-series, though less 

pronounced. 

All glasses of the Ca- and La- series show bands at about 545-595 cm-1, 790 cm-1, 945 cm-1 

and 1075-1090 cm-1. These bands are typical for silicate glasses and are due to the mixed 

bending-stretching vibration  of Si–O–Si bridges (545-595 cm-1), and to the symmetric 

stretching of Si–O- bonds in Q2 (945 cm-1) and Q3 (1075-1090 cm-1) silicate  tetrahedra with 

two and one non-bridging oxygen atoms (O-), respectively 20-24. The weak band at ~790 cm-1 is

attributed to the Si–O–Si bending modes of oxygen bridges between silicate tetrahedra. 

Structural variations are more distinct for the Ca-series in Fig.1a where all spectra were scaled

on the highest intensity band. Clearly, increasing Ca-levels lead to an increase in the intensity 

of the initially weak band at 945 cm-1 (Q2) relative to the dominant band at ca. 1080 cm-1 (Q3). 

Thus, the silicate network becomes, as expected, progressively more depolymerized at higher 

Ca contents. This is also consistent  with the decrease in intensity of the band at about 790 cm-

1 (Si-O-Si bridges) as bridges between Q3 units are broken to create Q2 units, which have two 

instead of the three bridging oxygen linkages in Q3 units. The ca. 550 cm-1 band is also highly 

sensitive to the network connectivity. For low Ca-levels the maximum is found at 560 cm-1, a 

value that is typical for a network consisting predominantly of Q3 groups [21]. A value of 630 

cm-1 is expected for a less polymerized networks based on Q2 units, while the fully 

polymerized silicate network of Q4 units in pure SiO2 glass gives an intense band at lower 

frequency around 430 cm-1 25. Therefore, the shift of the maximum from about 560 to 595 cm-1

in Fig. 1a is consistent with a significant increase in depolymerization of the silicate network, 

in agreement with the intensity changes exhibited by the 800 and 945 cm-1 bands. All these 
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spectral variations are also in line with the progressive decrease of the SiO2 content from glass

1Ca (70.2 mol%) to 5Ca (59.7 mol%) as seen in Table 1. The feature at 459 cm-1 might 

indicate a significant number of Q4 units, for which the corresponding stretching modes ((Si-

O) for Q4) are generally weak in any Raman spectra, but would cause a broadening of the 

main envelope and will be reflected in a shoulder around 1200 cm-1. As seen in Figure 2a, the 

broadness of the envelop encompassing the stretching modes decreases with Ca-addition 

while the band of (Si-O) of Q2 units at 950 cm-1 increases with Ca-addition, as the network 

depolymerizes. 

Despite the fluorescence and their high background noise, the Raman spectra of glasses in the 

La-series show in Fig. 1b similar trends to the glasses of the Ca-series. The spectrum of the 

low-La-glass (1La) is similar in form and band positions to the spectrum of the low Ca-glass 

(1Ca). It is noted that the lower frequency of the mixed bending-stretching mode of Si–O–Si 

bridges at 545 cm-1 for glass 1La suggests a higher degree of polymerization of the silicate 

network than in glass 1Ca; this is consistent with the higher silica content of 1La (74.3 mol% 

SiO2, Table 1). La-addition leads to a relative increase of the 950 cm-1 feature signifying the 

formation of more Q2 silicate tetrahedra. The 545 cm-1 band appears to shift to about 595 cm-1,

indicating also increasing depolymerization of the silicates network. In line with this trend is 

the frequency downshift of the high-frequency band from 1090 to 1075 cm-1, as the La 

content increases from 0.5 to 2 mol%.  

3.2.2. IR spectroscopy

Absorption coefficient spectra of glasses in the Ca- and La-series are depicted in Figures 2a 

and 2b, respectively. The spectra show infrared activity in four distinct spectral regions. The 

most prominent band is centered near 1080-1095 cm-1 and is assigned to the asymmetric 
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stretching vibration of Si-O bonds in Q3 type silicate tetrahedra (for band assignments see 20-22, 

25-29 and references therein). The shoulder at about 1200 cm-1, which is most pronounced in the

IR spectra of the least modified glasses 1Ca and 1La and remains strong for all other La-

glasses analyzed, reflects the presence of a significant population of Q4 type tetrahedra, i.e. of 

fully bridged silicate tetrahedra. The shoulder at the low frequency side of the high frequency 

envelope, which becomes stronger with Ca-addition, signifies the formation of the less 

polymerized Q2 units. The weaker band at ca. 785 cm-1 results from the bending modes of Si-

O-Si bridges, while the rocking motion of Si-O-Si bridges gives rise to  the band at 497 cm-1 

the positon of which is sensitive to the depolymerization of the silicate network 20.  In the far-

IR region, there is a broad envelope at about 265 cm-1 that shows a relative increase with Ca-

addition (Fig.2a). This envelop should originate from the overlap of bands due to Na+-site 

vibrations around 200-250 cm-1 and 20-22, 27 Ca2+-site vibrations around 240-280 cm-1 [30-32] 

depending on glass composition. The far-IR profile remains almost constant for the La-series, 

with no La3+-site vibration band  being distinguished at ca. 190-200 cm-1 30 due to  the low 

levels of La3+ incorporated in the glasses of this study. Only three La-containing glasses (1La, 

3La and 4La) gave enough material and were of sufficient size to be studied by IR reflectance 

spectroscopy. The used aperture in the far-IR was about 3 mm, which gives a measuring spot 

size of roughly 5 mm in diameter, averaging the signal over the whole area. 

The effect of composition on the IR spectra of glasses in the Ca-series is shown in (Figs. 3 a 

to c, which display three spectral regions in expended frequency and/or intensity scales. The 

Si-O-Si rocking vibration band upshifts from 493 to 502 cm-1; while the Si-O-Si bending 

mode losses intensity and downshifts from 784 to 771 cm-1 with Ca-addition. In parallel, the 

Si-O stretching mode of Q3 species downshifts from 1082 to 1065 cm-1 and the band of Q4 

species losses relative intensity in favor of Q2 species All these observations confirm the 

results obtained from Raman spectroscopy and are consistent with an increased 
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depolymerization of the silicate glass network with Ca addition. Like the Raman spectra, 

structural variations of the IR spectra are smaller for glasses in the La-series compared to 

those of the Ca-series (see Fig.2). 

3.3 Thermal properties

The glass transition Tg, the onset T1 and peak position T2 temperatures of exothermic 

processes, and the glass stabilities S1, S2 were determined for all glasses samples and are listed

in Table 2. The glass stability is an often-used indicator describing the resistance to 

crystallization during heating. It is typically expressed by the difference between the first 

crystallization onset value and the glass transition temperature, S1 = T1 – Tg, or the first 

exothermic peak position and glass transition temperatures, S2 = T2 – Tg. The thermal 

properties are shown as a function of the effective cation field strength (ECFS) of the modifier

cations. The cation field strengths (CFSs) of the modifier ions were calculated using CFS = 

Z/r2 where “Z” is the valence of the respective cation and “r” the Shannon-Prewitt ionic radius

for 8-coordinated Na and La and 7-coordinated Ca, which is 0.718, 1.780, 2.229, Å-2 for Na+, 

Ca2+, La3+, respectively. The ECFS was calculated as for the La-series by ECFS = xNaCFSNa + 

xCaCFSCa +  xLaCFSLa , with xNa, xCa and xLa being the atomic fractions of Na, Ca and La, 

respectively. As expected within each series, the changes in ECFS follow the changes in x.  

The composition dependence of the of glass transition temperature (Tg) and glass stability is 

given in Table 2 and presented in Fig. 4a and 4b, as a function of effective cation field 

strength (ECFS). The Tg values increase with increasing Ca2+ or La3+ addition to the soda lime 

glass, despite the spectroscopic results that both Ca2+ and La3+ act as network modifiers and 

depolymerize the glass network. This observation emphasizes the importance of forming Ca-

O and La-O bonds, which cross-link effectively the silicate network and contribute to the 

enhancement of the glass Tg temperature compared to other modifier cations 20, 31. The higher 
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values of Tg for the La-series is due to the high cation field  strength of La3+ compared to the 

lower valence  Ca2+ or Na+ ions. For the Ca-series, there is the additional effect of losing up to

10-20 mol% Na2O during synthesis by laser melting; this replacement of the monovalent Na+ 

by the stronger cross-linker Ca2+ overcomes the observed effect of an slightly increased degree

of silicate depolymerization. An increase in Tg for both alkaline-earth and rare-earth oxide 3, 32-

35 as well as oxynitride glasses 6, 36-38 but also for tellurites 39 and phosphate glasses 40-41 melted 

in Al2O3 crucibles has been observed in earlier studies. For all the cited cases, a very strong 

cross-linking capacity of the added modifier cations may overcome the weakening effect due 

to network depolymerization.

Generally, a higher value of stability implies that the glass composition is more resistant to 

crystallization upon heat treatment. The glass stability decreases with increasing the Ca2+/La3+ 

addition as shown in Fig. 4b. These findings are consistent with the Bingham et al 42 results 

that the amount of modifier added to the glass network effect on the stability of glass and 

decreases with increasing alkaline-earth modifiers. 

Conclusions

Soda-lime glasses of initial composition 15Na2O-10CaO-75SiO2 (in mol%) were doped with 

Ca2+ or La3+  by laser melting in less than 3 minutes, even when using CaH2 or metallic La as 

raw materials. The addition of Ca2+/La3+ ions results in changes in the glass structure and 

thermal properties. A relative high loss (10-20%) of Na-ions was observed with the addition 

of CaH2, despite the short synthesis time employed. Both IR and Raman spectra of the laser-

melted glasses manifest clear signatures of significant silicate network depolymerization as 

the amount of Ca2+ or La3+ increases. The glass transition temperature increases with the 

addition of Ca or La ions, due to the strong cross-linking of the silicate network through Ca-

oxygen or La-oxygen ionic bonds. However, the glass stability decreases in the same order 
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because of the higher tendency for crystallization of the depolymerized silicate structure. 

Laser melting provides access to many high melting glass compositions previously not 

accessible, but the loss of volatile elements, even at very short melting times can be 

significant. 
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Table 1. Analyzed composition for all prepared glasses

Glass
ID

Analyzed Composition
(wt%)

Analyzed composition
 (at%)

Analyzed composition    
(mol%)

Series I samples
1Ca Na10.0Ca11.4Si33.2O45.8 Na9.1Ca6.0Si24.9O60.1 12.9Na2O-16.9CaO-70.2SiO2

2Ca Na9.7Ca15.5Si31.4O44.5 Na8.9Ca8.2Si23.8O59.0 11.9Na2O-21.8CaO-66.4SiO2

3Ca Na8.5Ca18.4Si30.4O44.6 Na7.8Ca9.8Si23.1O59.3 10.7Na2O-26.6CaO-62.7SiO2

4Ca Na8.2Ca20.2Si29.1O43.9 Na7.7Ca10.9Si22.5O58.9 10.4Na2O-29.3CaO-60.3SiO2

5Ca Na7.8Ca20.9Si28.8O43.82 Na7.3Ca11.3Si22.2O59.2 9.9Na2O-30.4CaO-59.7SiO2

Series II samples
1La Na11.6Ca6.9La2.1Si35.0O46.1 Na10.5Ca3.6La0.3Si25.9O59.8 15.0Na2O-10.3CaO-0.5La2O3-74.3SiO2

2La Na10.9Ca6.5La4.1Si33.8O45.4 Na10.1Ca3.5La0.6Si25.6O60.3 14.7Na2O-10.0CaO-0.9La2O3-74.4SiO2

3La Na09.2Ca8.0La7.5Si31.7O43.6 Na08.9Ca4.4La1.2Si25.1O60.5 12.9Na2O-12.8CaO-1.7La2O3-72.6SiO2

4La Na10.1Ca7.6La8.3Si31.0O43.5

Na09.7Ca4.2La1.31Si24.5O60.2

14.2Na2O-12.3CaO-1.9La2O3-71.5SiO2

5La Na09.1Ca7.9La8.5Si30.8O43.1 Na08.8Ca4.4La1.4Si24.7O60.5 13.0Na2O-12.9CaO-2.0La2O3-72.2SiO2

Table  2. DSC results and glass stabilities for all prepared glasses 

ID ECFS
(Å-2)

Tg onset

(oC)
Tg mid

(oC)
T1

(oC)
T2

(oC)
S1

(oC)
S2

(oC)
1Ca 1.14 621 640 881 909 260 288
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2Ca 1.23 627 642 861 881 234 254
3Ca 1.30 646 659 845 869 199 223
4Ca 1.34 654 669 842 865 188 211
5Ca 1.36 672 680 819 841 147 169
1La 1.02 611 618 - - - -
2La 1.05 626 630 - - - -
3La 1.18 631 648 945 967 319 341
4La 1.17 639 645 927 938 290 299
5La 1.26 662 676 942 961 280 285
Error ±3 ±3 ±3 ±3 ±3 ±3

Figure 1: Normalized (without baseline correction) Raman spectra for (a) Ca-series and (b) 

La-series. Selected band positions are indicated in the figures. Spectra are off-set for clarity. 

(All spectra were measured with the 514.5 nm excitation line. For glass compositions see 

Table 1).

Figure 2: Infrared absorption spectra of glasses from the (a) Ca-series and (b) La-series. The

spectra are normalized to the intensity of the strongest band (1090 cm-1).

Figure 3: Details of the infrared absorption spectra of Figure 2 a for  the Ca-series 

displaying (a) the far-infrared region of cation-motion bands and the Si-O-Si rocking 

vibration at ca. 495 cm-1,  magnified x2, (b) the Si-O-Si bending band, magnified x6, and (c) 

the Si-O stretching activity of Qn silicate units.
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Figure 4: Comparison of (a) Tg temperatures and (b) glass stabilities for all glasses prepared

and listed in Table 2.
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Figure 1:

Figure 2:
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Figure 3:

 

Figure 4: 
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