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Abstract 

Be-Na-(Li)-Si oxide glasses containing up to 15 mol% of BeO were prepared. Their structure was 

characterized by X-ray powder diffraction and Raman as well as infrared spectroscopic techniques, 

while their chemical compositions were examined by Inductively Coupled Plasma Optical Emission 

Spectrometry. All materials were found to be amorphous and contain Al contaminations from minor 

dissolution of the alumina crucibles. The results of Raman and IR spectroscopies showed that BeO 

addition to Na-(Li)-Si glass systems resulted in the formation of [BeO4/2]2- tetrahedra which are inserted 

into the silicate glass network, demonstrating the intermediate glass-forming role of BeO. In parallel, the 

effective destruction of Si-O-Si bridges was observed by vibrational spectroscopy. The glass transition 

temperature was studied by Differential Thermal Analysis and found to range from about 431 oC to 551 

oC. A significant increase in Tg by 70 °C was found as SiO2 was substituted by up to 15 mol% BeO. 

  

1. Introduction 

Beryllium-silicate glasses are relatively poorly studied [1-4] due to the beryllium 

toxicity, which requires working under a fume hood throughout preparation and 

melting. Another challenge are the high melting temperatures [5]. Lai and Silverman in 

1928 were the first to prepare glasses of the Na2O–BeO–SiO2 system [1], they also 

reported density, refractive index, hardness and limits of ultra-violet transmission for 

silicate glasses containing up to 31 mol% of BeO. In 1967, glasses of the composition 

xBeO-(40-x)Al2O3-60SiO2 (where x = 25, 30 and 34 %mol) were melted at 

temperatures of 1750-1800 oC by Riebling and Duke [3]. They studied density, 

viscosity and electrical conductance of these materials. Since that time there were only 

few papers; among others on the structure of binary BeO-SiO2 glasses [6] and on the 

optical properties of lead-doped beryllium silicate glasses [7]. In comparison, much 

more attention had been given to the glass forming properties of BeF2, which is 

isoelectronic to SiO2 [8].  
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Glass research on beryllium-containing glasses faded in part because more 

favorable glass forming systems, yielding also low refractive index glasses, had been 

developed, and partly due to the toxicity of beryllium. However, high strength but light 

beryllium oxide-containing ceramics are widely used for high-speed integrated circuits, 

laser and electronic applications, as well as for golf clubs and bicycles. Moreover, 

beryllium metal is used in fusion reactors, nuclear devices, radar systems, and military 

infrared countermeasure devices [5]. Melting in closed systems, and using state of the 

art fume hoods, prevents the release of beryllium into the environment, while the 

element is tightly bonded in the glass. Due to the low weight and small size of the 

beryllium ion, BeO has been described more as a glass former than a typical glass 

modifier. Thus, beryllium-containing glasses are of fundamental interest in better 

understanding the shifting role from glass modifying to glass forming metal oxides. This 

paper gives new insights into the structural evolution of M2O-SiO2 (M=Na or Li+Na) 

glasses, as BeO substitutes SiO2, and how selected glass properties change with the 

BeO content.  

Chemically, Be2+ is a rather unique cation with the highest field strength (defined 

as charge-to-radius ratio) and the highest electronegativity among all alkaline-earth 

and alkali ions. Be2+ is therefore characterized by a small electronic polarizability ( 2Be


=0.008 Å3), which is even lower than that of characteristic network-forming cations, 

such as Si4+ ( 4Si
 =0.033 Å3) [9]. Unlike other alkaline earths ions, Be2+ is always found 

to be fourfold coordinated to oxygen in crystalline oxides and to form regular BeO4 

tetrahedra [6]. This is less surprising when considering the old chemistry rule of 

“diagonal relationship”, that the first element in each main group shows many 

similarities to the 2nd element in the next group, making beryllium in many properties 

akin to aluminum rather than to magnesium [10]. Al2O3 is known as intermediate glass 
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forming oxide, which can act either as modifier with Al3+ in six-fold coordination, or as 

glass former with Al3+ in four-fold coordination, while the latter is its most common role 

as a minor component in silicate glasses [11-13]. Al2O3 addition increases the glass-

working range and improves mechanical and chemical resistance. Incorporation of 

AlO4 tetrahedra improves the glass stability of borate and silicate glasses and hence 

the chemical durability [14]. Similar improvements of glass stability and mechanical 

properties may also be expected for BeO substitution. As shown for borate glasses, 

Be2+ takes mostly a fourfold coordination to oxygen regardless of the glass 

composition, and therefore it takes the role of a network-former [15]. Beryllium-

alumino-silicate glasses have been reported to have high elastic moduli and strong 

chemical and thermal shock resistance [16]. This unusual coordination chemistry of 

the alkaline earth ion Be2+ and the associated physico-chemical properties of Be 

compounds make the structural study of beryllium-silicate glasses a fascinating topic. 

The aim of the present work is to extend the characterization of beryllium-containing 

silicate glasses by exploiting the advances of modern-day characterization techniques. 

Structural and thermal properties analysis is performed for two different glass systems 

with a composition close to 35M2O-xBeO-(65-x)SiO2 where the BeO content is 

increased at the expense of SiO2. The first series contains a high content of sodium 

(35 mol% Na2O) while a quarter of the sodium ions are substituted by lithium ions in 

the second series (27 Na2O – 9 mol% Li2O). The proposed compositions allow us to 

discuss not only the single alkali but also aspects of the mixed alkali effect, as well as 

the influence of beryllium addition on the silicate glass structure and thermal glass 

properties. 

 

2. Experimental 
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2.1. Glass preparation 

Two series of silicate glasses containing beryllium were prepared. The first system 

of glasses contains sodium oxide as flux and has the nominal composition xBeO–(65-

x)SiO2–35Na2O mol% (approximately BexNa23.7Si21.7-xO54.2 at%, designated as xBN). 

The second series contains sodium and lithium oxides as fluxes and has the 

composition xBeO–(64-x)SiO2–27Na2O–9Li2O mol% (approximately 

BexLi6.1Na18.3Si21.3-xO53.9 at%, designated as xBNL). In both cases, x = 0, 5, 10 and 15 

mol% (x = 0, 1.7, 3.4 and 5.3 at%). Respective amounts of reagents: BeO (99% Alfa 

Aesar), SiO2 (99.99% ChemPur GmbH), Na2CO3 (99.9+% ChemPur GmbH) and 

Li2CO3 (99.999% ALDRICH) were thoroughly mixed in a fume hood. Melting was 

performed in Al2O3 crucibles at 1400-1450 oC for 60 min, under air atmosphere. As 

shown by ICP OES analysis the uptake of Al2O3 is significant and will thus be taken 

under consideration when discussing the experimental results. Melts were poured on 

a cold brass plate before annealing for five hours at a temperature of 400 oC under air. 

The cooling rate was 38 °C/h.  

For comparison, Raman spectra from ref. [17] were included in this study. These 

glasses have the nominal composition yAlO3/2–(75-y)SiO2–25Na2O mol% (yAN). 

 

2.2. Glass characterization 

2.2.1. XRD measurements 

Powder X-ray diffraction (XRD) technique was used to identify the amorphous 

structure and phase content of the samples. The XRD data were collected on a 

PANalytical PRO MPD instrument with Bragg-Brentano geometry and CuKα1 radiation 

over a 2θ range of 10–70° at a step size of 0.013° and step time 52 sec. The XRD 

measurements were conducted at room temperature on powdered samples. 
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2.2.2. ICP OES 

The chemical composition of the samples was investigated using an inductively 

coupled plasma optical emission spectrometer (ICP OES, Aviro 200 Perkin Elmer). 

Measurements were performed after dissolution of 0.05 g the respective glass powders 

in 5 ml of aqueous solution of HF acid (40%). All ICP OES values are listed in Table 1. 

The error margins of ICP-OES analysis were ± 3 % for all elements. The oxygen 

content was determined from the charge requirements of the analyzed cations. 

Periodic table mix for ICP measurements (SIGMA ALDRICH) was used as reference 

standards. 

 

2.2.3. CSLM observations 

The topography of samples was observed by using an Olympus LEXT OLS4000 

Confocal Scanning Laser Microscope (CSLM). Color imaging was done in white LED 

light and 3D images were obtained using a 405 nm laser and Photomultiplier Detector. 

The maximum used objective lens and laser 3D image magnification was 100x, with 

optical magnification of 2160x. CSLM measurements were conducted on freshly 

fractured and alcohol cleaned samples. 

 

 

2.2.4. Raman and IR spectroscopy 

The structure of the glasses was studied by Raman and IR spectroscopy. Raman 

spectra were obtained in the range from 100 to 2000 cm−1 with a resolution of 2 cm−1 

with a dispersive confocal Raman microscope (Renishaw inVia) using the 514.5 nm 

laser excitation line. The sample spot size of the Raman microscope is about 0.5 µm 
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in diameter. Polarized Raman spectra were obtained in VV (parallel) and HV (cross) 

polarization under the 514.5 nm excitation line with longer acquisitions times. In the 

notations VV and HV the first letter indicates the polarization of the exciting laser beam 

and the second letter the polarization of the scattered light.  

IR measurements were carried out on glass samples using a vacuum IR 

spectrometer (Bruker Vertex 80v). The spectra were taken in reflectance mode with an 

incidence angle of ∼11◦, in the range of 30–7000 cm−1 with a resolution of 2 cm−1. 100 

scans were collected from the “as-is” surface of the quenched glass samples and the 

average of the scans was analyzed. Restrictions on sample size, prevented us from 

further polishing the as quenched samples, and instead IR spectra for the xBN and 

xBNL samples were obtained in the reflectance mode from the pristine glass surfaces. 

Contrary to Raman spectroscopy, sample preparation is an important factor in the 

quality of specular reflectance infrared spectra, which are ideally obtained from plane, 

polished sample surfaces, as in the case of the yAN series [17, 18].  

The Raman and IR band positions were estimated as the mean value of observed 

maxima using the software Origin, with an estimated error in the band position of  2 

cm-1. 

2.2.5. DTA analysis 

The thermal properties of the glasses were investigated by differential thermal 

analysis (DTA). DTA measurements were performed up to 1000 °C on powdered 

samples placed in Al2O3 crucibles, under flowing nitrogen, with a NETZSCH STA 

409PC instrument and a heating rate of 20 °Cmin-1. The onset and midpoint of an 

endothermic drift found on the DTA curve were taken as representing Tg. The 

exothermic processes observed in all samples are correlated with crystallization 

processes. The thermal properties parameters were estimated with the use of 
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dedicated software. The precision in the determination of thermal processes depends 

on the selected temperature range and varies up to ± 2 % from the determined value. 

 

3. Results and discussion 

3.1. XRD, ICP OES and Confocal microscopy 

Melt quenching of beryllium-silicate glasses containing either sodium or sodium and 

lithium ions resulted in clear, colorless and transparent glass samples. An exemplary 

CSLM picture of glasses´ topography is presented in Fig. 1, for glass 0BN (Na2O-SiO2). 

The topography of other glasses looks similar. Some samples contained small air 

bubbles. Table 1 presents their target and measured compositions. No significant loss 

of the alkali (Na, Li) or alkaline earth (Be) components are observed, nor of silicate. 

The sample names are based on the xBeO content in mol% (x=0, 5, 10 or 15) and the 

series are designated considering the presence of only sodium (xBN) or sodium and 

lithium (xBNL). All glasses contain aluminum, which originates from the crucible 

material and is included in the analyzed compositions (see Table 1). It is worth to notice 

that the basic glasses without beryllium (0BN and 0BNL), contain only trace amounts 

of Al (~0.5 at% or <1 mol% Al2O3), while samples doped with BeO show significantly 

higher Al-levels. Moreover, xBN glasses exhibit on average significantly less Al than 

the xBNL series containing lithium. The highest dissolution of Al2O3 in the melt is found 

for glasses with the highest Be-content, for 15BNL the Al content being as high as ~11 

at.%. These observations suggest that the melt with the higher oxide (M2O+MO) 

content and with lower basicity (BeO and Li2O compared to Na2O) reacts more readily 

with the alumina crucible. We can only speculate about the causes of the higher 

aluminum solubility with higher Li2O and BeO levels in the glasses; increasing melting 

temperatures with increasing BeO levels might be responsible, or a lower viscosity of 
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the melt with BeO additions (see [19]). Interactions of glass melts with alumina 

crucibles have been studied in more systematic fashion before, see for example refs. 

[20-22].  

 

  

Figure 1. CSLM micrograph for fractured glass 0BN. 

 

Table 1 Glasses ID, target and analyzed compositions. The O:Si ratio was estimated for 2 extreme 

cases: (i) O:Si* assumes that Al2O3 and BeO form [BeO4/2]2- and [AlO4/2]- tetrahedra first, and only the 

remaining O atoms modify the silicate network, and (ii) O:Si#  assumes that Al2O3 and BeO act as 

modifiers only, and all oxygen atoms will thus be bonded to the silicate network. For comparison, the 

O:Si* and O:Si# values are included for glasses yAlO3/2–(75-y)SiO2–25Na2O (yAN) of ref. [17].  

Sample 

ID 

Target composition  

(in at%) 

ICP OES analyzed glass 

composition  

(in at%) +/- 3 % 

Analyzed glass 

composition  

(in mol%) error +/- 3% 

O:Si* 

nom 

O:Si* 

exp 

O:Si# 

theoretical 

O:Si# 

estimated 

xBeO–(65-x)SiO2–35Na2O 

0BN Na23.3Si21.7O55 Na22.4Si21.1Al0.5O56 34.1Na2O–65.1SiO2–

0.8Al2O3 

2.53 2.60 2.53  2.66 

5BN Be1.7Na23.7Si20.3O54.2 Be1.8Na20.7Si20.6Al0.8O56.2 5.4BeO-31.2Na2O–

62.1SiO2–1.2Al2O3 

2.50 2.48 2.67  2.73 

10BN Be3.4Na24.1Si19O53.4 Be3.7Na21.2Si18.9Al1.4O54.8 10.9BeO–31.3Na2O–

55.8SiO2–2.1Al2O3 

2.45 2.36 2.82  2.91 

15BN Be5.3Na24.6Si17.5O52.6 Be5.5Na21.3Si17.6Al1.8O53.9 15.9BeO–30.7Na2O–

50.8SiO2–2.6Al2O3 

2.40 2.23 3.00  3.07 
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xBeO–(64-x)SiO2–27Na2O–9Li2O 

0BNL Li6Na18Si21.3O54.7 Li6.7Na17Si21.3Al0.4O54.6 10Li2O–25.5Na2O–

63.9SiO2–0.6Al2O3 

2.56 2.53 2.56  2.57 

5BNL Be1.7Li6.1Na18.3Si20O53.9 Be1.7Li8 Na16.6Si17Al2.8O53.9 5.2BeO–12.3Li2O–

25.6Na2O–52.5SiO2–

4.3Al2O3 

2.53 2.63 2.69  3.16 

10BNL Be3.4Li6.2Na18.6Si18.6O53.1 Be3.3Li7.7Na15.1Si14.9Al6O53.1 10.1BeO–11.8Li2O–

23.2Na2O–45.7SiO2–

9.2Al2O3 

2.48 2.33 2.85  3.58 

15BNL Be5.3Li6.3Na18.9Si17.2O52.3 Be4.0Li6.9Na13.5Si12.5Al10.8O52.3 12.5BeO–10.7Li2O–

21Na2O–38.9SiO2–

16.8Al2O3 

2.43 1.82 3.04  4.19 

yAlO3/2–(75-y)SiO2–25Na2O [17] 

0AN Na16.7Si25O58.3 Not determined - 2.33 - 2.33 - 

10AN Al3.39Na16.95Si22.03O57.63  - 2.31 - 2.62 - 

20AN Al6.90Na17.24Si18.97O56.90  - 2.27 - 3.00 - 

30AN Al10.53Na17.54Si15.79O56.14  - 2.22 - 3.56 - 

 

The XRD curves displayed in Fig. 2 for all xBN samples show a typical glass bump, 

which is characteristic for amorphous materials. Similar results (not presented here) 

were obtained for the xBNL glass series. 

 

 

Figure 2. XRD curves for glass series xBN. 

 

3.2. Raman and IR spectroscopy 
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The Raman and infrared spectra of all samples are shown in Fig. 3 to 5. For 

comparison and better understanding of the Raman and infrared results, Figures 4 and 

5 include also spectra of the alumino-silicate glass series yAlO3/2–(75-y)SiO2-25Na2O 

(with y=0, 10, 20, 30 mol%, denoted yAN in the following discussion) from reference 

[17].  

Before starting on the spectral interpretation, let us consider how alkaline earth 

modifier oxides usually modify the glass network, and what role beryllium ions take in 

various beryllium-bearing minerals such as Bromellite (BeO), Chrysoberyl (Al2BeO4) 

or Phenakite (Be2SiO4); which have been studied by Hofmeister et al. by vibrational 

spectroscopy [23]. 

(a) BeO as modifier oxide  

If we assume that BeO acts as modifier oxide, all oxygen atoms from BeO modify 

the silicate tetrahedra and Be2+ ions balance the negative charge of the non-bridging 

oxygen atoms in silicate tetrahedra, as it is well known for Na+ ions: 

 

2[𝑆𝑖𝑂3/2𝑂− 𝑁𝑎+](𝑄3) +  𝐵𝑒𝑂 ⟶  𝑆𝑖𝑂2/2𝑂2
2− 2𝑁𝑎+(𝑄2) + 𝑆𝑖𝑂2/2𝑂2

2− 𝐵𝑒2+(𝑄2)     (1) 

 

Here, the silicate network would be modified by depolymerization. The O:Si# ratio 

listed in Table 1 and which correspondents to this scenario, shows an increase from 

2.5 in 0BN(L) (primarily Q3 silicate units) to 3 (primarily Q2 silicate units) in the 15BN(L) 

glasses. Qn denotes silicate tetrahedra with n bridging and 4-n non-bridging oxygen 

atoms. 

 

(b) BeO as intermediate glass former 
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As mentioned earlier, the diagonal relationship predicts, in agreement with earlier 

studies [6], that Be2+ ions show a very similar behavior to Al3+ ions. Thus, just as 

aluminum forms [AlO4/2]- tetrahedra in many glasses [11-13], beryllium might also 

contribute as intermediate oxide with [BeO4/2]2- tetrahedra to glass formation:  

𝐵𝑒𝑂 + 𝑁𝑎2𝑂 ⟶  [𝐵𝑒𝑂4/2] 2− 2𝑁𝑎+       (2) 

 

In this reaction, 2 mols of Na+ ions are needed to charge balance one mol of 

[BeO4/2]2- tetrahedral units. Therefore, less Na2O is available to modify SiO2 (i.e. the 

SiO2:Na2O ratio increases) and the silicate network becomes slightly more 

polymerized. Postulating a preferential formation of [BeO4/2]2- units over silicate 

depolymerization, the O:Si* ratio (see Table 1) shows a slight decrease from 2.5 in 

0BN(L) (primarily Q3 silicate units) to 2.4 (primarily Q3 and some Q4 silicate units) in 

the 15BN(L) glasses. 

 

(c) BeO-cluster formation in the silicate network  

 Finally, a third mechanism for the effect of BeO substitution for SiO2 might be 

proposed. BeO can form clusters in the silicate network and Be2+ ions charge balance 

the [BeO4/2]2- tetrahedra, as it was proposed for binary BeO-SiO2 glasses [6]:  

 

𝐵𝑒𝑂 + 𝐵𝑒𝑂 ⟶  [𝐵𝑒𝑂4/2] 2−𝐵𝑒2+       (3) 

 

These [BeO4/2]2- tetrahedra, as in case (b) above, can be inserted between two 

neighboring Si-O-Si bridges. However, as BeO substitutes SiO2, an excess of Na2O 

would be left to modify and depolymerize the silicate network: 
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2[𝑆𝑖𝑂3/2𝑂−  𝑁𝑎+](𝑄3) + 𝑁𝑎2𝑂 ⟶ 2[𝑆𝑖𝑂2/2𝑂2
2− 2𝑁𝑎+](𝑄2)     (4) 

 

In the case of the yAN series, the same three reaction pathways (a) to (c), described 

above, can be discussed, although (a) should be excluded since [AlO4/2]- tetrahedra 

formation has been verified for many of these glasses - as long as enough Na2O or 

similar modifier oxides are available for [AlO4/2]- tetrahedral formation [11-13, 17, 24]. 

However, when discussing scenario (b) it should be noted that each [AlO4/2]– 

tetrahedral unit needs ½ Na2O for charge balance. Since y=2x, the remaining 

Na2O:SiO2 ratio would decrease from 2.33 for 0AN to 2.22 for 30AN. Scenario (b) was 

found to explain best the spectral changes for the yAN glass series of reference [17]. 

The Raman spectra show a downshift and broadening as more Q4 silicate units are 

converted to Q3Si units and [AlO4/2]- tetrahedra are inserted into the silicate network, 

forming Q3Si1Al and Q2Si1Al units. QnSin’Al denotes silicate tetrahedra linked via Si-O-

bridges to nSi and n’Al atoms. 

 

3.2.1. Polarized Raman spectra  

Polarized Raman spectra help with band assignments and can help in the 

identification of bands that might be otherwise hidden, for example by merging with 

neighboring bands or if superimposed by bands of stronger intensity. Totally symmetric 

modes tend to be polarized while asymmetric vibrations are depolarized, that is even 

in cross polarization the band intensity is higher than 75% of its intensity in parallel 

polarized Raman spectra. The interested reader is referred to our recent work in 

reference [25] for additional information on band activity in polarized Raman spectra 

and the respective infrared spectra. Fig. 3 shows the polarized Raman spectra of 
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glasses xBN and xBNL for additions of x=0 and 5 mol% BeO. Let us consider first the 

polarized Raman spectra of the beryllium free glasses with nominal compositions 

65SiO2–35Na2O (0BN) and 64SiO2–27Na2O-9Li2O (0BNL). 

200 400 600 800 1000 1200

  

570  VV

 HV
(a) 0BN

  
1090

(b) 0BNL

 

1045

945

760

R
a

m
a

n
 i
n
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n

s
it
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(c) 5BN 590

  

610

Raman shift (cm
-1
)

(d) 5BNL

 

Figure 3. Polarized Raman spectra in parallel (VV, in red) and cross (HV, in blue) polarization for glasses 

in the BN and BNL series (for glass compositions see Table 1).  

 

The parallel polarized (VV) spectra of the two beryllium free glasses show the 

strongest Raman band at 1090 cm-1, which is highly polarized, and can be assigned to 

Si-O- stretching in Q3 (SiO3/2O-) tetrahedra [17, 26-30]. All other bands are also highly 

polarized, and almost disappear for the spectra obtained in cross polarization (HV, Fig 

3 a and b). The band at 945 cm-1 is due to the Si-O-  stretching vibration in Q2 tetrahedral 

units, [SiO2/2O2]2-, while the least polarized bands in the Be-free glasses 0BN and 0BNL 

at 760 to 775 cm-1, due to bending modes of Si-O-Si bridges between the silicate 

tetrahedra, are already of weak intensity when measured in parallel polarization [17, 
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26-29]. The band at ca. 570 cm-1, which is due to a combination of stretching and 

bending vibration of Si-O-Si bridges [17, 29], shows a dependence on the degree of 

silicate network depolymerization and the modifier cation, and shifts to 590 cm-1 as 9 

mol % of Na2O is substituted by Li2O. If we consider the band positions in the cross 

polarized spectra (HV), it is apparent that the position of the main band of the Si-O- 

stretching mode is found at lower energies. For example the shift from 1090 cm-1 in 

the parallel polarized spectrum of 0BNL to 1064 cm-1 in the cross polarized spectrum, 

was already noted by Furukawa et al. [29] for Na2O-SiO2 glasses. In addition, the cross 

polarized spectrum shows a broadening to the lower energy side when compared to 

the parallel polarized spectrum.  

The addition of only 5 mol% BeO results in a distinct increase in band intensities of 

the cross-polarized spectra, especially for the Si-O- stretching modes at 945 and 1095 

cm-1. As noted for the 0BN(L) glasses, the maximum of the Si-O- stretching band shifts 

in the cross polarized spectra to lower energies: from 1090 to 1063 cm-1 for 5BN and 

from 1075 to 1045 cm-1 for 5BNL. This shift is consistently around 30 cm-1, and can 

originate from the effect of different charge balancing cations, i.e. either Na+, Li+ or 

Be2+, on the non-bridging oxygen atoms as observed in phosphate glasses [31]. And 

indeed, this shift is more pronounced in the multicomponent glasses 0BNL, 5BN and 

5BNL, as compared to binary sodium silicate glasses [29]. An alternative origin of this 

depolarized band is the formation of Q32 units, that is, Q3 silicate units that are 

connected to Q2 units. This additional differentiation of Raman bands has been shown 

useful in band separation of ion exchanged glasses [30, 32]. Indeed, the band intensity 

at 945 cm-1 is enhanced in the beryllium-containing glasses relative to Be-free glasses, 

and for comparable Be-levels it is higher in the Li-containing glasses than in the Li-free 

samples. An increase in the relative Q2 population with BeO addition would indicate an 
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increased silicate network modification through the oxygen atoms introduced by BeO. 

However, one-to-one substitution of Na2O by Li2O should not create more non-bridging 

oxygen atoms on the silicate network (ignoring here the additional 1 mol% M2O content 

in the xBNL series compared to the xBN series). The higher Q2 population at constant 

M2O content can be explained by the disproportionation of Q3 groups into Q4 and Q2 

units when high field strength cations, such as Li+, are introduced into the glass [30]: 

2 [𝑆𝑖𝑂3
2⁄ 𝑂−  ] (𝑄3) ⇋   𝑆𝑖𝑂4

2⁄  (𝑄4)  +   𝑆𝑖𝑂2
2⁄ 𝑂2

2−  (𝑄2)   (5) 

The increased intensity at 945 cm-1 with BeO addition (Fig. 3c and d) shows the 

formation of more Q2 groups, and this points towards a network modifying role of BeO 

(Eq. 1) and/or a stronger disproportionation of Q3 to Q4 and Q2 (Eq. 5) due to the high 

field strength of the Be2+ ion. For a better view into these aspects we consider next the 

unpolarized Raman spectra of the xBN(L) series with higher BeO additions.  

 

3.2.2. Unpolarized Raman spectra  

The Raman spectra of the beryllium-free glasses 65SiO2–35Na2O (0BN) and 

64SiO2–27Na2O-9Li2O (0BNL) are compared in Figure 4a with the Al-free 75SiO2–

25Na2O (0AN) glass. While the 0BN and 0BNL glasses have a similar O:Si*nom ratio of 

2.53 and 2.56 (see Table 1), respectively, a lower O:Si* ratio of 2.33 is found for the 

0AN glass. In Figs. 4b to d the spectra of glasses with xBeO addition are compared 

with the Raman spectra of yAN glasses (from reference [17]). As observed in Table 1, 

the O:Si* ratio for the yAN glasses is lower than that of their corresponding in Fig. 4 

glasses xBN and xBNL, indicating a lower level of modification of the silicate network 

in the yAN glass series. An O:Si ratio of 2.5 corresponds to a silicate glass made up 

entirely of Q3 units, SiO3/2O-. The glass 0AN with an O:Si* ratio of 2.33 corresponds 
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nominally to a glass consisting of two thirds of Q3 and one third of Q4 units and is, 

therefore, more polymerized than the two glasses of the beryllium-series (0BN, 0BNL). 

The Raman spectra in Fig. 4a show a very strong band at 1090 cm-1, which arises from 

stretching modes of Si-O- bonds in Q3 units, (Si-O-) Q3, in agreement with the 

expected glass structure [17, 29, 30, 33]. The spectrum of the glass 0AN shows in 

addition a pronounced contribution on the high-energy side of the 1090 cm-1 band, 

reflecting the presence of Q4 groups, while the analogous band from Q2 units at 945 

cm-1 is weaker in the 0AN glass when compared to the 0BN or 0BNL glasses. Thus, it 

is evident from the Raman spectra that the degree of silicate network depolymerization 

increases in the series 0AN<0BN<0BNL in line with the trend of the O:Si* ratio. The 

presence of a small amount of Q2 units in 0AN arises from the disproportionation 

reaction of Q3 units, as described earlier in equation (5). Q4 units have a much lower 

Raman scattering cross section compared to Qn entities with non-bridging oxygen 

atoms [17], and their presence is only evident in Fig. 4a as a contribution to the high 

energy side of the 1090 cm-1 peak [17, 30]. Stretching modes of Q2 groups in the 

Raman spectra of glasses 0BNL and 0BN are expected from the slight oxygen excess 

(O:Si*=2.53 and 2.56 for 0BN and 0BNL, respectively), compared to a disilicate 

composition (O:Si*=2.50), as well as from Q2 contributions according to the 

disproportionation reaction, eq. (5). 
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Figure 4. Raman spectra of the xBN (red), xBNL (blue) and yAN (black) glass series with increasing 

xBeO content: (a) 0, (b) 5, (c) 10 and (d) 15 mol% BeO; and yAlO3/2 addition of (a) 0, (b) 10, (c) 20 and 

(d) 30 mol% AlO3/2. All spectra are normalized to the intensity of the high frequency envelop at 1090 to 

1015 cm-1. 

 

The weak Raman feature at 775 cm-1, due to symmetric bending modes of Si-O-Si 

bridges, is also evident for yAN glasses [17, 29, 33]. The intense Raman envelop 

between 400-650 cm-1 in Fig. 4a reflects a combination of stretching and bending 

modes of the silicate network, with the position of the center of gravity close to 570 cm-

1 which is consistent with a network that is built up predominantly by Q3 silicate 

tetrahedra. The shift in position from 542 cm-1 (0AN) to 570 cm-1 (0BN) and to 590 cm-
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1 (0BNL), is consistent with increasing amounts of Q2 units, as evident also from the 

intensity increase of the Si-O- stretching mode of Q2 units at 945 cm-1 [29, 33].  

With increasing BeO or AlO3/2 substitution for SiO2, similar changes are observed 

in the Raman spectra of the three glass series (Figs. 4b, c and d). First of all, addition 

of aluminum or beryllium oxides leads to a broadening of the high frequency band 

envelop as the main band, (Si-O-), Q3, downshifts from 1090 cm-1 to 1010 cm-1 and 

merges eventually with the 945 cm-1 band as the latter gains intensity. As argued in 

reference [17] for yAN glasses, these spectral changes can be explained by the 

gradual substitution of silicate Q3 tetrahedra by [AlO4/2]- tetrahedra of the same charge, 

and the replacement of the silicate Si-O-Si bonds by weaker Si-O-Al bonds.  

The high degree of spectral overlap at the 1015 cm-1 envelop between the 15BN(L) 

glasses and the 30AN glass, reflects similarities in their glass structure; i.e., a silicate 

network based on Q3 as well as Q2 units, and for yAN glasses Q4 units, in which 

charged [BeO4/2]2- and [AlO4/2]- tetrahedra are formed and are inserted in the silicate 

network. Thus, the composition dependence of the 800-1200 cm-1 envelop of the three 

glass series manifests the intermediate glass-forming role of both Al2O3 and BeO 

oxides. We note that coupling between stretching vibrations of Si-O and Al-O bonds, 

as well as between Si-O and Be-O bonds, accounts for the progressive loss of spectral 

details in the 850-1200 cm-1 envelop in Fig. 4 upon increasing the Al2O3 and BeO 

contents.  

The formation of [AlO4/2]- tetrahedra in yAN glasses was associated with the 

progressive downshift of the 775 cm-1 band (Si-O-Si bending) to ca. 715 cm-1 for the 

30AN glass (Fig. 4d); the latter feature was attributed to the Al-O stretching in [AlO4/2]- 

tetrahedra [17]. Analogous evidence for the formation of [BeO4/2]2- tetrahedra is 

provided by the shoulder developing at ca. 750 cm-1 (seen clearly in Fig. 4c). This 
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shoulder can be attributed to the symmetric Be-O stretching (1 mode) in [BeO4/2]2- 

tetrahedra reported for chrysoberyl [23], while several strong bands between 678 and 

722 cm-1 in bromellite (BeO) have been attributed by Arguello et al. [32] and Hofmeisert 

et al. [23] to 1, 3, and 4, modes of [BeO4/2]2- tetrahedra, bands that easily fall together 

even when studying a crystal. As shown by Arguello et al. [32], some of these bands 

are fully depolarized and will show in cross-polarized Raman spectra.   

While the three glass series show similarities in their 800-1200 cm-1 envelop, the 

Raman response of yAN glasses exhibits distinct differences in the 400-700 cm-1 

region when compared to xBN(L) glasses. Upon increasing y, the 542 cm-1 band of 

yAN glasses splits into two components and downshifts in frequency with peaks 

observed eventually at 500 and 560 cm-1 for y=30 (Fig. 4d). This trend is indicative of 

an increasing polymerization of the silicate network, in agreement with the decreasing 

value of the O:Si* ratio (Table 1). The band at 500 cm-1, which is the strongest band of 

the 30AN glass spectrum, can be assigned to the stretching-bending vibration of Si-O-

Si bridges and the one at 560 cm-1 to the corresponding mode of Al-O-Al bridges and/or 

to the breathing mode of 3-membered (Al,Si)-containing rings [34].  

Contrary to the behavior of the 542 cm-1 band of glass AN, the 570 and 590 cm-1 

bands of glasses BN and BNL (Fig. 4a) upshift in frequency and decrease in relative 

intensity upon increasing BeO content. The corresponding bands for Si-O-Si 

stretching-bending vibrations are measured at 590 and 610 cm-1 for 5Be (Fig. 4b), at 

607 and 627 cm-1 for 10Be (Fig. 4c), and at 645 and 665 cm-1 for 15Be glasses in Fig. 

4d, where they exhibit also strongly reduced intensity. Such a trend is fully consistent 

with the breaking of Si-O-Si bridges as a result of non-bridging oxygen formation 

adding to the Raman scattering of [BeO4/2]2- tetrahedra between 680 and 750 cm-1 

discussed earlier in this section. [BeO4/2]2- insertion generates Si-O-Be bonds of 
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unequal strength, and vibrational spectroscopy does not see [BeO4/2]2- tetrahedral units 

as equal glass forming unit [23]. This leads to the apparent progressive 

depolymerization of the silicate network. The 570 cm-1 band of the 15Be spectra in Fig. 

4d can be taken as analogous to the 560 cm-1 band of the 30AN glass, because of the 

presence of considerable amounts of Al2O3 in these BeO-containing glasses due to 

leaching from the alumina crucible (Table 1). The weak feature at ca. 485 cm-1 in Figs. 

4c and 4d can be associated with the formation of 4-membered silicate rings [35]. For 

convenience, the assignments of Raman bands are collected in Table 2.  

In concluding this section, we have shown that Al2O3 exhibits a clear intermediate 

glass-forming role while BeO appears to behave both as intermediate glass-forming 

and, in terms of Raman spectroscopy, as glass-modifying oxide in the silicate glasses 

considered here.  

As discussed by Hofmeister et al. [23] for mixed Si-O-Be, only Si-O modes are 

visible in the high-energy region. The lighter, lower charged antagonist of the bond 

turns invisible. Here, a fundamental question on the definition of heteronuclear bonds 

arises: are oxygen atoms in asymmetric Si-O-Be bridges bridging or non-bridging in 

nature? We encountered a similar problem in regard to Nb-O-Si bonds, between the 

light, small cation Si4+ and the large, highly polarizable antagonist Nb5+ [36]).  

For mixed Be/Si crystals, the high energy features of Be-O modes disappear and 

only Si-O stretching modes are observed [23]. Bending modes of [BeO4/2]2- tetrahedra 

would also be expected at lower energies, around 338 cm-1 in BeO, [37], or around 

450, 420, 380 and 230 cm-1 in chrysoberyl (Al2Be2O4) [23]. Thus, the low energy 

features in the Raman spectra will be a mix of Be-, Al-, and Si-related vibrations. The 

570 cm-1 band in Be-glasses still shows mixed stretching-bending modes of Si-O-Si 
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bridges, though the number of these bridges decreases as [BeO4/2]2- tetrahedra are 

inserted into the silicate network. 

 

3.2.3. IR spectra  

Figure 5 shows the infrared spectra of the xBN, xBNL and yAN glass series. The 

high frequency band envelop between 850 and 1200 cm-1 has the strongest intensity 

and shows pronounced variations with composition, as observed above for the 

corresponding band envelop in the Raman spectra (Fig. 4). This is in line with the origin 

of the infrared activity in the 850-1200 cm-1 range, i.e. the asymmetric stretching modes 

of Q2, Q3 and Q4 silicate units [17]. For x=0 and x=5, surface effects, such as small 

ripples, lowered the glass surface quality and led to increasing background above 1200 

cm-1 (Fig. 5). This effect may have introduced some error in the exact band positions 

and relative intensities of the high frequency envelop. 

Glasses 0BN and 0BNL show the silicon-oxygen stretching activity of Q3 units at 

1104 and 1080 cm-1, respectively, and the corresponding Q2 activity at 960 cm-1 (Fig. 

5a). Upon increasing BeO content, the Q3 band shifts initially to 1070 cm-1 and, 

eventually, to 1047 cm-1 (Fig. 5d) and shows strong overlap with the Q2 band (Fig. 5b). 

The similar trend observed for the corresponding Raman spectra was discussed in 

terms of the intermediate glass-forming role of BeO, with strong coupling between Be-

O and Si-O vibrations. As observed in Fig. 3, the 850-1200 cm-1 envelop of the yAN 

glasses shows, in general, more pronounced shifts to lower frequencies in comparison 

to the xBN(L) glasses and this effect may be due stronger coupling between the Al-O 

and Si-O vibrations.  

The presence of [AlO4/2]- tetrahedra in yAN glasses is supported by the infrared 

band developing at about 700 cm-1, as observed clearly in Fig. 5d for the 30AN glass 
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[17]. Corresponding evidence for the formation of [BeO4/2]2- tetrahedra is given by the 

broad band developing at ca. 735 cm-1 (Fig. 5d), as this is the region where stretching 

modes of [BeO4/2]2- tetrahedra are expected [23, 37].  

The infrared band at about 500 cm-1 is due to the rocking motion of Si-O-Si bridges 

[17], and its composition dependence manifests the polymerization or 

depolymerization process undergone by the silicate network. For yAN glasses the 

band shifts from 475 to 460 cm-1 as the AlO3/2 content increases from y=0 to y=30 

mol%. This trend indicates a progressive polymerization of the silicate network as Al 

substitutes for Si, i.e. as a result of the glass-forming role of Al2O3, in agreement with 

the trend found in the Raman spectra for the Si-O-Si stretching-bending mode at 542-

500 cm-1 (Fig. 5). We note that the rocking motion of Si-O-Si bridges for glasses zNa2O-

(1-z)SiO2 was found to shift from 470 cm-1 (z=0) to 502 cm-1 (z=0.45), due to 

depolymerization of the silicate network induced by non-bridging oxygen formation 

[38]. On these grounds, the shift of the ca. 495 cm-1 band for 0BN(L) (Fig. 5a) to about 

510 cm-1 for 15BN(L) (Fig. 5d) indicates a depolymerization process of the silicate 

network, and manifests again the glass-modifying action of BeO.  

The weak features measured below 400 cm-1 in the far-infrared region are the 

cation-motion bands of Li+ and Na+ ions and will be considered in more detail in the 

following section.  
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Figure 5. Infrared spectra of glasses xBN (red), xBNL (blue) and yAN (black) with increasing xBeO 

content: (a) 0, (b) 5, (c) 10 and (d) 15 mol% BeO, and yAlO3/2 content: (a) 0, (b) 10, (c) 20 and (d) 30 

mol% AlO3/2. To facilitate comparison, all spectra are normalized to the intensity of the high frequency 

envelop 850-1200 cm-1. 
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Figure 6. Far infrared spectra of glasses xBN (red), xBNL (blue) and yAN (black) showing the cation 

motion bands of Na+ and Li+ ions.  

 

3.2.4. Far Infrared spectra 

The far-infrared spectra are shown in Figure 6 in expanded intensity and frequency 

scales. For binary glasses, the vibration of Na+ ions against their oxygen sites, ν(Na-

O), is found to peak near 245 cm-1 for 0BN and 215 cm-1 for 0AN glass (Fig. 6a), in 
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agreement with previous studies on sodium-silicate glasses [17, 38, 39]. The cation 

motion band of the lighter and high field strength Li+ ion, ν(Li-O), overlaps with the Si-

O-Si rocking motion band which starts around 350 cm-1, though a weak distinct feature 

at about 330 cm-1 for 0BNL glass might be assigned to the vibration of Li+ ions in their 

sites, ν(Li-O). In high ionic phosphate sulphate glasses, a Li+ motion band was found 

at 365 cm-1 [40], and in borate glasses in the range 300–540 cm-1 depending on the 

Li2O content [41]. Despite the relative noise of the spectra taken from unpolished 

samples, a general trend shows that the far-IR intensity reflects the changing sodium 

content as it decreases from 35 in xBN to 27 in xBNL and 25 mol% Na2O in yAN. In 

the presence of Li+ ions in 0BNL glass, the Na+ ion motion band appears shifted to 215 

cm-1 in comparison to 245 cm-1 in 0BN. This is another manifestation of the mixed 

cation effect on the dynamics of the dissimilar cations, according to which the higher-

field strength cation (here Li+) forces the low-field strength cation (here Na+) into 

energetically less favored sites [42, 43].  

 

Table 2. Raman and IR band positions and assignments for xBN(L) and yAN glasses. 

Raman 

(± 2 cm-1) 

IR 

(± 2 cm-1) 

assignment references 

1150 1170 (Si-O), Q4 [17, 30] 

1090 1080-1104 (Si-O-), Q3 connected to Q3 [17, 29, 33] 

1010 1045 (Si-O-), Q3 connected to [AlO4/2]- or 

[BeO4/2]-  

[17, 44], this work 

945 960 (Si-O-), Q2 [17, 29, 33] 

775 780 (Si-O-Si) [17, 29, 33] 

700 700 (Al-O), [AlO4/2]-  [17, 44] 
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680-750  735 (Be-O), [BeO4/2]- [23] 

500-665  Si-O-Si stretching-bending  [17, 29] 

 460-510 Si-O-Si rocking motion [17, 36] 

560, 570  Al-O-Al stretching-bending or breathing of 3-

membered (Al,Si)-containing rings 

[17, 34, 44] 

485  breathing of 4-membered silicate rings  [35] 

 330 (Li-O)  [40, 41] 

 175-245 (Na-O)  [17, 38, 39, 41] 

  

As BeO or Al2O3 is added to the Na-silicate glass, the Na+ motion band becomes 

broader and the ν(Na-O) frequency shifts to lower values, at about 215 cm-1 for 15BNL 

and 175 cm-1 for 30AN in comparison to 245 cm-1 and 215 cm-1 for 0BN and 0AN 

glasses, respectively. The measured asymmetric far-IR profiles suggest the existence 

of a distribution of Na+-hosting sites, which should differ mainly in their negative charge 

density [17]. In Be- and Al-free glasses, the Na+ ions interact primarily with non-bridging 

oxygen (NBO) atoms of the silicate Q3 and Q2 units, and the strength of these 

interactions determine the value of the ν(Na-O) frequency. In Be- and Al-containing 

glasses, the formation of [BeO4/2]2- and [AlO4/2]- tetrahedral units leads to a 

redistribution of part of the negative charge on these units. Thus, with respect to 

negative charge localization on the NBOs of Q3 and Q2 units, the charge becomes now 

delocalized on such glass-forming [BeO4/2]2- and [AlO4/2]- units. As a result, the 

interactions of Na+ ions with the latter units are weaker compared to those with NBOs, 

and this is manifested by the broadening and downshift of the corresponding Na+-site 

vibration bands (Fig. 6).  
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3.3. Thermal properties 

Table 3 presents the values of thermal properties as experimentally determined: 

the glass transition temperature Tg onset, and Tg mid, the exothermic process onset Texo, 

onset and peak position Texo, peak temperatures, as well as glass stabilities S1, S2 for all 

BN(L) samples. The glass stabilities, describing the resistance to crystallization during 

heating, are calculated according to relations: S1 = Texo, onset – Tg onset [45] and S2 = Texo, 

peak – Tg onset [46].  

 

Table 3 Thermal properties of glasses xBN(L): Tg onset, Tg mid, Texo, onset, Texo, peak, S1, S2; obtained from 

DTA spectra. 

ID 

 

 

Tg onset 

(oC) 

± 2% 

Tg mid 

(oC) 

± 2% 

Texo, onset 

(oC) 

± 2% 

Texo, peak 

(oC) 

± 2% 

S1 

(oC) 

± 4% 

S2 

(oC) 

± 4% 

0BN 484 495 746 788 262 304 

5BN 507 512 736 786 229 279 

10BN 528 543 749 786 221 258 

15BN 551 563 720 748 169 197 

0BNL 431 443 689 712 258 281 

5BNL 456 464 663 726 207 270 

10BNL 475 479 614 626 139 151 

15BNL 464 467 580 590 116 126 

 

Firstly, we discuss the results for the xBN glass series. The glass transition 

temperature for 0BN glass is similar to the one presented in the literature for glass 

30Na2O-70SiO2, with Tg = 481 oC [47]. The addition of beryllium oxide increases the 

glass transition temperature Tg of xBN glasses in a monotonic way (Table 3). To take 
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into account also the Al2O3 amount leached into the glass from the alumina crucible, 

we present in Figure 7a the glass transition temperature as a function of the Be+Al 

content for this glass system; a linear increase of Tg with Be+Al level (in at%) is clearly 

demonstrated. In comparison, the Tg of binary zNa2O-(1-z)SiO2 glasses decreases 

with increasing the Na2O content, that is with depolymerization of the glass network 

[47]. Contrary to Na2O, Al2O3 and BeO acting as intermediate glass-forming oxides can 

participate in the glass network with [AlO4/2]- and [BeO4/2]2- tetrahedra which are 

inserted in the network and crosslink the silicate units through Si-O-Al and Si-O-Be 

bridges, thus causing the increase in Tg.  

A significant increase in Tg by 67 °C is apparent for the 15BN glass compared to 

0BN glass. Other publications reported also significant increases in Tg with Al2O3 

dissolution from the crucible material due to the cross-linking capacity of Al3+ ions in 

glasses including phosphate [21, 48] and tellurite glasses [22]. The increase of Tg with 

increase in BeO content was also observed for the BeO–Al2O3–B2O3 glass system, 

which showed significantly higher Tg values than other equivalent glasses doped with 

Mg, Ca, Sr and Ca instead of Be [15].  

Figure 7a shows also Tg results for glasses xBNL in which a quarter of the Na+ ions 

are replaced by Li+ ions. These glasses exhibit lower glass transition temperatures 

than the corresponding glasses containing only sodium (xBN). The glass 0BNL has 

also a lower Tg than that given in the literature for the binary 34Li2O-66SiO2 glass (456 

°C, [49]), which can be explained by the mixed alkali effect [50, 51]. Generally, a lower 

Tg for Li-glasses compared to Na-glasses is expected for silicates [47, 49], as is a lower 

Tg for mixed modifier glasses compared to binary silicates [52, 53].  

The observed increase in Tg with Be+Al content in the xBNL series up to x=10 

reflects again the good cross-linking ability of [BeO4/2]2- and [AlO4/2]- tetrahedra, as in 
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glasses xBN with similar Be+Al content (Fig. 7a). However, glass 15BNL shows a 

reduced Tg value despite its highest Be+Al content. Such a deviation of glass 15BNL 

from the monotonic increase of Tg may reflect the weaker network former role of 

[BeO4/2]2- and [AlO4/2]- tetrahedra compared to SiO4-tetrahedra, which is especially 

apparent in the properties of a glass where the combined Al+Be levels with 14.8 at% 

is higher than the analyzed Si content of 12.5 at%. The lower Tg reflects on a changing 

role of some Be2+ and / or Al3+ ions from glass-former to glass-modifier. The network 

of 15BNL, as shown by Raman and IR spectroscopy, does show only minor deviations 

from that of 15BN, which has much less dissolved Al2O3, and as discussed earlier 

consists predominantly of Q2 and Q3 silicate tetrahedra.  

We can only speculate how much the dissolved Al2O3 content contributed to the 

observed property changes. Comparison of the Be-silicate series with the Be-free Al-

series shows a similar effect of both substitutions for SiO2. Only additional studies in 

Pt-crucible melted glasses where Al2O3 is stoichiometrically replaced by BeO can 

quantify the effect that Al2O3 contamination has on the properties of the Be-silicate 

glasses. Since many industrial produced glasses are indeed melted in Al2O3-containing 

refractory materials, the Al2O3-dissolution is an important factor when discussing the 

structure and properties of silicate and other glass systems [20-22]. 

Figure 7b depicts the thermal glass stability dependence on the Be+Al content for 

all glasses xBN(L). It is clearly shown that beryllium addition decreases the glass 

stability in both xBN and XBNL glass systems in approximately the same monotonic 

way. Nevertheless, glasses doped with lithium (BNL) show in general lower values of 

thermal stability than glasses containing only sodium (BN) at the same Be+Al content.  
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Figure 7. The dependence on the analyzed Be+Al content for (a) Tg onset and (b) S1 values for 

glasses xBN and xBNL studied in this work. Lines between data points show trends of thermal 

properties behavior and are given as guides for the eyes only. The blue star in (a) designates the 

Tg (465 °C) of the binary 34 Li2O-66SiO2 glass [49]. 

 

4. Conclusions 

Two different glass series with compositions close to 35M2O-xBeO-(65-x)SiO2, 

where SiO2 was substituted by up to 15 mol% BeO, were successfully prepared. The 

first glass series has a high content of Na2O (xBN), while in the second series 9 mol% 

of Na2O was replaced by Li2O (xBNL). All glasses were found to be amorphous and 

contain Al, which originated from the crucible material (alumina). The Al content was 

found to be higher for glasses doped with Be and significantly higher for glasses 
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containing also Li (up to 10.8 at% for glass 15BNL, though for this glass it is suspected 

that a fragment of the crucible broken off during melting).  

The results of Raman and IR spectroscopic measurements showed many 

similarities between the studied xBN and xBNL glasses and a similar sodium-silicate 

glass series doped only with Al2O3 (yAN, [17]). An analogous effect on the structure of 

the alkali silicate network was found for BeO as shown before for AlO3/2 substitution of 

SiO2, i.e. SiO4/2 tetrahedra are being replaced by [BeO4/2]2- tetrahedra. This 

intermediate glass-forming role of BeO requires Na2O for the formation of the [BeO4/2]2- 

tetrahedra, leaving the remaining silicate network more polymerized compared to the 

Be-free base glass. A competing glass-modifying role of BeO takes over at increasing 

BeO contents and leads to the progressive destructions of Si-O-Si bridges. As 

[BeO4/2]2- tetrahedra are inserted in the silicate network, Si-O-Si bridges are destroyed, 

and due to the asymmetric nature of the Si-O-Be bridges, IR and Raman spectra show 

therefore a breakup of the silicate network. Smaller, but significant changes in the glass 

structure are also observed when comparing glasses containing only Na+ ions with 

those containing both Na+ and Li+ with a Na:Li ratio of 3:1.  

Despite the fact that [BeO4/2]2- tetrahedra contribute with weaker bonds to the glass 

network than SiO4/2 tetrahedra, the strong cross-linking ability of [BeO4/2]2- tetrahedra 

leads to a significant increase in Tg (up to 70 °C) as BeO substitutes for SiO2 in the Na-

glass series up to 15 mol% BeO. Na-Li-glasses exhibit lower Tg when compared to Na-

glasses, as was expected due to the well-known mixed alkali effect. However, the 

increase in Tg with BeO addition was also observed for Li-containing glasses, at least 

for up to 10 mol% BeO substitution. The xBNL glass with the highest BeO content 

(x=15) and more than twice the amount of Al (in at%) showed a decreasing Tg 

compared to all other glasses.  
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