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ABSTRACT 
 

The mixed-glass-former effect (MGFE) remains one of the most intriguing yet least 
understood phenomena in glass science, particularly for tellurite-borate systems modified 
by ZnO. This study aims to unravel the structural and physical origins of the MGFE by 
investigating a series of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO (x = 0, 5, 10, 15, 20 mol%) 
glasses synthesized via the conventional melt-quenching technique. X-ray diffraction 
confirmed fully amorphous structures for all samples. FTIR spectra revealed progressive 
transformation of Te-O-Te linkages into Te-O-B and Zn-O-Te bonds as low frequency 
band near 930 cm-1 shift towards higher wavenumber as increasing ZnO mol%, signifying 
compositional rearrangement within the glass network. The density, molar volume, and 
oxygen packing density exhibited non-linear variations at 15 mol% of ZnO content, 
providing experimental evidence of the MGFE. SEM-EDX analyses verified 
homogeneous microstructure and uniform elemental distribution, confirming that ZnO 
was successfully incorporated without phase segregation. These findings demonstrate 
how ZnO acts as both an intermediate oxide and a network modifier, simultaneously 
strengthening and depolymerizing the glass framework. The comprehensive correlation 
between structural and physical parameters provides new insights into the fundamental 
nature of the MGFE and offers a compositional pathway for designing high-density, 
optically stable tellurite-borate glasses for photonic applications. 
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INTRODUCTION 
 

Tellurite-based glasses have attracted significant attention due to their excellent infrared 
transmission, high refractive index, low phonon energy, and suitability for nonlinear 
optical and photonic applications [1-3]. However, pure TeO2 glasses suffer from poor 
chemical durability and thermal instability, which restricts their direct use in devices [4]. 
Incorporating boron trioxide (B2O3) enhances the glass-forming ability, increases 
network rigidity, and improves resistance to devitrification through the formation of BO3 
and BO4 structural units [5]. Consequently, tellurite-borate glasses combine the desirable 
optical characteristics of TeO2 with the structural stability imparted by B2O3 making them 
promising hosts for infrared components and laser-active materials [6].  

When two network formers such as TeO2 and B2O3 coexist, they may interact 
competitively, producing non-linear variations in density, molar volume, refractive index, 
and ion transport. This phenomenon is known as the mixed-glass-former effect (MGFE) 
[7-8]. The MGFE originates from short-range structural competition, including changes 
in coordination environments and the formation of cross-linking such as Te-O-B, 
alongside redistribution of bridging and non-bridging oxygens [9]. Although the MGFE 
has been extensively demonstrated in mixed tellurite-borate and borate-phosphate 
networks [6,8-11], its structural origin in tellurite-borate glasses, particularly when 
modified with ZnO remains insufficiently clarified. 

Over the past decade, TeO2-B2O3-based glasses modified with alkaline, alkaline-
earth or transition-metal oxides have been investigated mostly for their optical absorption, 
luminescence, frequently involving rare-earth dopants rather than focusing on intrinsic 
structural changes [12,13]. Only a limited number of studies have examined the undoped 
ternary TeO2-B2O3-ZnO system and these works have primarily on optical bandgaps [14], 
radiation shielding behavior or shielding coefficients [15,16] rather than correlating ZnO-
induced structural reorganization with density or packing parameters. As a result, the 
atomic-scale origin of the MGFE in ZnO-modified tellurite-borate glasses remains 
unresolved, despite its relevance in tuning compactness, network stability, and potential 
photonic performance. Existing literature demonstrates that ZnO can function both as a 
modifier and an intermediate oxide, altering glass compactness and oxygen coordination. 
Yet, a consistent interpretation connecting FTIR structural evolution, density-based 
physical parameters, and microstructural homogeneity has not been presented. No study 
to date has comprehensively correlated XRD, FTIR, SEM-EDX, and density-molar 
volume-OPD parameters in the undoped TeO2-B2O3-ZnO ternary system.  

The current study addresses this gap by investigating the influence of ZnO on the 
structure and physical properties of TeO2-B2O3-ZnO glasses. The primary objective is to 
correlate vibrational structural changes (from FTIR) and microstructural uniformity (from 
SEM-EDX) with macroscopic parameters such as density, molar volume, and oxygen 
packing density. Through this integrated analysis, the study seeks to uncover how ZnO 
modifies network connectivity and how such modification governs the non-linear 
physical behavior characteristic of the MGFE. Such a multidiscipline approach, linking 
XRD, FTIR, SEM-EDX and density-based analyses; offers new insight into the structural 
dynamics of mixed-former glasses and provides a pathway for designing compositionally 
optimized tellurite-based materials for optical and photonic applications. 
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MATERIALS AND METHOD 
 

Glass preparation 
A series of ternary glasses with the nominal composition: 

(100 – x) (70TeO2 – 30B2O3) – (x)ZnO (x = 0, 5, 10, 15, 20 mol%) 
was prepared by the melt-quenching method. Analytical-grade powders from Sigma 
Aldrich of TeO2 (99.99%), B2O3 (99.99%) and ZnO (99.99%) were accurately weighed 
to yield about 7 g per batch. The mixtures were homogenized by milling process for 60 
min. The powder mixture was then placed in alumina crucible and heated in a melting 
furnace at 1000 oC for 30 min. High viscosity melt was transferred to annealing furnace 
at 400 oC for 5 h, after quickly cast in a stainless-steel mold in that furnace. The mold was 
re-heated in the annealing furnace before the super-cooling process was done. The furnace 
was then turned off and allowed the samples to cool originally to room temperature. All 
glass samples were stored in desiccator prior to characterization to prevent moisture 
absorption.  
 
Measurements 
Density (ρ) of each glass was determined by the Archimedes’ principle using distilled 
water as the immersion liquid [17]. Each measurement was repeated three times, and the 
average value was taken with the precision of ±0.001 gcm-3. The molar volume (Vm) and 
oxygen packing density (OPD) were calculated from:  

𝑉! = "
#

     (1) 

𝑂𝑃𝐷 = 1000	 × 𝐶(#
"
)  (2) 

where M is the molecular weight of the glass composition [18], ρ is density, C is the 
number of ions present in the formula unit [19]. Then, glass samples were crushed into 
fine powder and test for X-ray diffraction (XRD) analysis using a PANalytical X’Pert 
PRO PW 3040 MPD diffractometer through Cu Kα radiation (λ = 1.5406 Å, 40 kV/40 
mA) and scan 2θ = 10o - 80o using 0.02 steps. Fourier Transform Infrared (FTIR) spectra 
(400 – 1200 cm-1) were recorded on a PelkinElmer model Spectrum One FTIR 
spectrometer, using KBr-pellet technique (32 scans, 4 cm-1). Surface morphology and 
elemental composition were examined on a TESCAN VEGA Scanning Electron 
Microscopy (SEM) equipped with an Oxford Instruments energy dispersive X-ray (EDX) 
detector; samples were gold-sputtered and imaged at 15 kV. All measurements were 
performed at room temperature; data were processed in OriginPro2024 and Microsoft 
Excel for statistical verification and plotting. 
 

RESULTS AND DISCUSSION 
 

The variation of density (ρ), molar volume (Vm) and oxygen packing density (OPD) for 
the (100 – x) (70TeO2 – 30B2O3) – (x)ZnO (x = 0, 5, 10, 15, 20 mol%) glass system is 
summarized in Table 1 and depicted in Figure 1. The measured density values increased 
from 4.18 gcm-3 to 4.52 gcm-3, while the molar volume decreased from 31.16 cm3 mol-1 
to 26.66 cm3 mol-1 as ZnO concentration increased. This overall densification reflects the 
higher atomic weight and compactness of Zn2+ (ionic radius 0.74 Å) relative to Te4+ and 
B3+, as well as the occupation of interstitial sites within the network.  
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Table 1. Values of density (𝜌), molar volume (Vm) and oxygen packing density (OPD) 
of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO (x = 0, 5, 10, 15, 20 mol%) glass samples 

 
x (mol %) 𝝆	

(g/cm3) 
𝑽m 

(cm3/mol) 
OPD 

(mol/l) 
0 4.18 31.36 73.80 
5 4.33 29.52 74.52 

10 4.42 28.37 76.49 
15 4.36 28.20 74.83 
20 4.52 26.66 76.53 

 
A density anomaly at 15 mol% ZnO, a slight reduction followed by recovery at 20 

mol%; marks the mixed-glass-former effect (MGFE), where competing structural 
rearrangements between TeO4/TeO3 and BO3/BO4 units cause non-linear packing 
behavior. Similar anomalies have been reported in other ternary glasses such as Na2O-
B2O3-P2O5 [10]. The decreasing molar volume trend suggests progressive cross-linking 
and densification, implying that Zn2+-driven formation of bridging oxygens [20]. In the 
present system, ZnO does not act as a glass former but instead plays the role of a network 
modifier with intermediate oxide character. Its influence on the MGFE is indirect and 
arises from its interaction with the TeO2-B2O3 network. The presence of Zn2+ ions 
facilitates the formation of Zn-O-Te linkages and modifies the distribution of bridging 
and non-bridging oxygens, thereby altering the structural balance between tellurite and 
borate sub-networks. This indirect reorganization is reflected in the non-linear physical 
behavior observed at the MGFE composition. Figure 2 further supports the presence of 
MGFE, as evidenced by the non-linear variation in oxygen packing density (OPD) with 
a distinct dip at 15 mol%, reflecting local rearrangements in oxygen coordination within 
the glass network. 

 

 
 

Figure 1. Density (𝜌) and molar volume (Vm) of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO 
(x = 0, 5, 10, 15, 20 mol%) glass samples 
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Figure 2. Oxygen Packing Density (OPD) of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO (x = 

0, 5, 10, 15, 20 mol%) glass samples 
 

XRD patterns for all compositions shown in Figure 3 display broad humps between 
2θ = 20o – 35o without any sharp Bragg peaks, verifying complete amorphousness of the 
quenched samples. This characteristic diffuse halo arises from the absence of long-range 
atomic order but retention of short-range Te-O and B-O coordination typical of glassy 
matrices. The absence of crystalline reflections confirms that ZnO was incorporated 
without forming secondary crystalline phases such as ZnTeO3 or ZnB2O5. These results 
align with findings for similar Zn-containing boro-tellurite systems [21,22], indicating 
high glass-forming ability and homogeneity.  
 

 
 

Figure 3. XRD pattern of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO (x = 0, 5, 10, 15, 20 
mol%) glass samples 
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Band assignments are summarized in Table 2, while the FTIR spectra in the range 
of 400 – 1500 cm-1 was exhibited in Figure 4, reveal five principal bands attributed to 
structural vibrations of Te-O, B-O, and Zn-O groups. It should be noted that, owing to 
the inherent overlap of vibrational modes in tellurite-borate glass systems, these band 
assignments are interpreted based on relative shifts and compositional trends rather than 
exclusive peak attribution. 
 

Table 2. Band assignment of FTIR of glass samples 
 

Band position 
(cm-1) 

Assignment Structural Unit Oxygen Type 

444 – 452 v(Zn-O) stretching ZnO4 tetrahedra BO 

664 – 672 v(Te-O) symmetric stretch TeO2 (tbp) BO 

754 – 763 v(Te-O) asymmetric stretch TeO3 (tp) NBO 

1244 – 1254 v(B-O) stretching BO4 tetrahedral BO 

1392 – 1400 v(B-O) stretching BO3 trigonal NBO 

 
A systematic blue-shift of TeO4 and BO4 bands with increasing ZnO content 

implies conversion of non-bridging to bridging oxygen species, enhancing network 
rigidity. Conversely, red-shift of TeO3 and BO3 peaks indicate depolymerization of some 
unit through Zn2+-O interactions that weaken Te-O-Te and B-O-B bridges. The 
simultaneous occurrence of both red- and blue-shifts is indicative of the mixed-glass-
former effect, wherein modifier cations promote a redistribution of network linkages 
between tellurite and borate domains rather than affecting each sub-network 
independently [6]. At higher ZnO level (≥ 15 mol%), the dominant TeO4 → TeO3 
transition partially reverses, consistent with densification and OPD recovery. This 
competition reflects ZnO’s dual role: as a network modifier (ZnO4 units breaking Te-O-
Te bonds) and an intermediate oxide (Zn-O-Te bridges forming new linkages), paralleling 
trends observed by Adamu et al. [23]. Overall, the FTIR evolution confirms a 
reorganization of both Te and B structural units, underpinning the compositional non-
linearity evidenced in density and OPD data.  

SEM micrographs exhibited by Figure 5 reveal uniform, pore-free surfaces with no 
detectable crystalline grains for all compositions, supporting the amorphous XRD 
patterns. The glass morphology remains smooth and compacts across ZnO substitutions, 
signifying that melt-quenching produces well-homogenized glasses without micro-phase 
separation. Comparable microstructures were observed in ZnO-Na2O-Bi2O3-B2O3 
systems [24] and ZnO-TeO2-Na2O glasses [25]. 

EDX elemental spectra on Table 3 confirms the presence of Te, B, O and ZnO with 
atomic radius consistent with nominal compositions. The Zn weight percentage increases 
from 0 to 12.6 wt% as x = 0 → 20 mol% while Te correspondingly decreases, confirming 
successful incorporation of ZnO within the glass matrix. The homogeneous elemental 
mapping images on Figure 6 indicate uniform Zn distribution, evidencing no ZnO 
clustering or phase segregation – a prerequisite for stable optical and dielectric behavior. 
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Such homogeneity substantiates the structural reinforcement inferred from density and 
FTIR results: Zn2+ ions occupy interstitial position or replace Te4+ in TeO4 units, 
generating Te-O-Zn linkages that improve connectivity and chemical durability [20,26]. 
 

 
Figure 4. The IR spectra of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO (x = 0, 5, 10, 15, 20 

mol%) glass samples 
 

 
Figure 5. The SEM image of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO; x = (a) 0 mol%, 

(b) 5 mol%, (c) 10 mol%, (d) 15 mol%, and (e) 20 mol% at 2kX 
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Table 3. Weight percentage of elements of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO (x = 
0, 5, 10, 15, 20 mol%) glass measured from EDX analysis 

 

x (mol%) Weight (%) 
O Te B Zn 

0 25.05 74.30 0.65 - 
5 25.63 70.76 0.67 2.94 
10 28.86 61.77 2.71 6.67 
15 31.97 54.79 3.61 9.62 
20 31.08 52.05 4.12 12.57 

 

 
Figure 6. The EDX images mapping of (100 – x) (70TeO2 – 30B2O3) – (x)ZnO; (a) x = 

0, (b) x = 5, (c) x = 10, (d) x = 15, and (e) x = 20 mol%) at 20kX 
 

CONCLUSIONS 
 
This work successfully fulfilled the objective of elucidating the structural and physical 
manifestation of the mixed-glass-former effect (MGFE) in the (100 – x) (70TeO2 – 
30B2O3) – (x)ZnO (x = 0, 5, 10, 15, 20 mol%) glass system synthesized by the melt-
quenching method. XRD confirmed the amorphous nature of all compositions, while 
FTIR analysis revealed the transformation of Te-O-Te linkages into Te-O-B and Te-O-
Zn bonds through the redistribution of bridging and non-bridging oxygens. The non-
linear variations in density, molar volume and oxygen packing density (OPD) indicated 
particularly the anomaly at 15 mol% ZnO, thus providing clear evidence of MGFE arising 
from the competitive structural rearrangement between tellurite and borate sub-networks. 
SEM-EDX observations further verified homogeneous morphology and uniform 

(a) (b) 

(c) (d) 

(e) 
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elemental dispersion, affirming successful Zn incorporation without phase segregation. 
Collectively, these results demonstrate that ZnO acts as both intermediate and a modifier 
oxide, enhancing compactness at low concentrations and inducing transient 
depolymerization at the MGFE composition. By establishing a direct correlation between 
structural, microstructural and physical parameters, this study closes the existing gap in 
understanding the intrinsic origin of MGFE in ZnO-modified tellurite-borate glasses and 
provides a compositional strategy for developing mechanically robust and optically stable 
tellurite-based materials for advanced photonic and infrared applications.  
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