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A B S T R A C T

Two barium gallo-germanate glass series were elaborated to investigate the effect of the yttrium introduction on 
the glass physicochemical properties and crystallization behavior. One to twenty mol% of YO3/2 were either 
added into the glass matrix or substituted for gallium oxide. The glass structure was studied by Raman spec-
troscopy and the thermal, optical, thermo-mechanical and physical properties are examined. The introduction of 
yttrium ions in both glass series increases the glass transition temperature, crystallization temperature, softening 
temperature, coefficient of linear thermal expansion and density. Through differential scanning calorimetry and 
X-ray diffraction analyses, it was found that competition occurs between the gallo-germanate zeolite-type phase
and the yttrium-containing phase. From 13 mol% of YO3/2, the yttrium introduction impedes the formation of
surface crystallization in these glasses.

1. Introduction

Over the past decade, barium gallo-germanate (BGG) glasses have
received increasing attention for the development of robust mid-infrared 
(MIR) optical fibers [1–5]. Indeed, ВGG glasses not only have low 
phonon energy (≈ 830 cm− 1), but also high glass transition temperature 
(≈ 700 ◦C), high rare earth solubility (≈ 1021 ions/cm3), and mechanical 
properties approaching those of silica in terms of elastic modulus (≈ 70 
GPa) and hardness [5–13]. This combination of optical, thermal, and 
mechanical properties promises a bright future for the development of 
robust optical fibers operating in the mid-infrared range (up to 4.5 μm), 
making them prime candidates to compete with the most advanced soft 
glasses, i.e., fluoride, chalcogenide and tellurite glasses [5]. 

Core-cladding fibers made of soft glasses are usually produced from 
the preform-to-fiber process, in which a preform is made by the melt- 
quenching technique (including build-in-casting, rotational casting, 
rod-in-tube techniques, etc.) [14–18]. Although these preform fabrica-
tion techniques are easy to implement, the viscosity of the molten glass 
is a challenging parameter to control and monitor in order to achieve a 
good optical quality of the preform, a proper co-axiality and a smooth 

core-cladding interface, so that there are no defects and/or irregularities 
in the preform resulting in the formation of scattering elements and 
crystallization during the fiber drawing [19]. 

The fiber fabrication of BGG glasses from the preform-to-fiber pro-
cess has faced a major problem of surface crystallization [4,13]. 
Compared to silica glasses, BGG glasses are characterized by a sharp 
working range due to the high slope of viscosity as a function of the 
temperature, in addition to the high softening temperature (≈ 675 ◦C) 
compared to the conventional soft glasses. Consequently, the application 
of standard manufacturing processes for core-cladding production re-
mains laborious [4,13]. 

Initially, BGG fiber studies have been focused on understanding the 
surface crystallization origin and how it can be prevented by tailoring 
the glass composition [4,20,21]. Various chemical elements have been 
substituted or introduced into the BGG glass to avoid surface devitrifi-
cation. Alkaline ions such as Na+ and K+ were substituted in the glass 
matrix, which increases the glass thermal stability ΔT (difference be-
tween the onset crystallization temperature Tx and glass transition 
temperature Tg), but also promotes surface crystallization during the 
preform-to-fiber process [4,21]. This glass surface devitrification was 
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optical properties, demonstrating the actual interest in bulk and fiber 
BGG glasses [11,22,24,29–32]. 

Recently, we have demonstrated the full potential of yttrium- 
stabilized BGG glass composition through the fabrication of the very 
first low-loss BGG optical fiber (about 200 dB.km− 1at 1350 nm) [19]. 
Hence, the purpose of our work is to investigate the effects of Y2O3 
introduction either by addition or by gallium substitution on the phys-
icochemical properties and crystallization behavior of barium 
gallo-germanate glasses. This article aims to clarify the ability of yttrium 
to produce BGG glass fibers without surface crystallization. 

2. Experimental procedure

2.1. Materials preparation

The compositions are synthesized by a conventional melt-quenching 
method from gallium oxide Ga2O3 (Strem Chemical, 99.99%), germa-
nium oxide GeO2 (Strem Chemical, 99.999%), barium carbonate BaCΟ3 
(ACS Merck, 99%), and yttrium oxide Y2O3 (Strem Chemical 99.999%). 
The reactants are weighed, mixed, and then placed in a platinum cru-
cible to be heated up at 1200 ◦C for 30 min and then melted at 
1550–1600 ◦C for one hour under an ambient atmosphere. The molten 
glass is then quenched and annealed at 40 ◦C below the glass transition 
temperature, before being cut and optically polished. 

2.2. Analytical method 

The refractive indexes were measured by a prism coupling technique 
on a Metricon 2010/M apparatus at 532, 633, 972, 1308 and 1538 nm 
with an estimated error of ± 0.005. 

The density of the glasses (ρ) was obtained by the Archimedes 
method at room temperature using the diethyl phthalate as immersion 
liquid and a Precisa XT 220A weighing scale with an estimated error of 
± 0.01 g.cm− 3. The coefficient of linear thermal expansion (CTE), 
dilatometric softening point (Td), and the dilatometric glass transition 
temperature (Tgd) were measured in a horizontal dilatometer NETZSCH 
TMA 402F1 between 25 et 830 ◦C under N2 atmosphere at a heating rate 
of 5 ◦C.m− 1. The measurements were performed on cylindrical samples 
with two parallel faces having a 10 mm diameter and a height ranging 
between 6 and 10 mm. The dilatometric glass transition temperature 
(Tgd) is determined as the tangent inflection point, while the dilato-
metric softening temperature (Td) corresponds to the peak temperature. 

Glass viscosity curves obtained between 1010 and 107 Poise were 
recorded with a high-temperature Theta US parallel plate viscometer on 
the same samples used for dilatometry measurements. Under a load of 
300 g, samples are heated up to the glass transition temperature at a rate 
of 4 ◦C.min− 1 then 2 ◦C.min− 1 up to 830 ◦C. 

The glass transition (Tg), crystallization onset (Tx) and crystallization 
maximum (Tc) temperatures were measured by differential scanning 
calorimetry (DSC) with a Netzsch DSC Pegasus 404 PC apparatus on 100 
mg glass powders introduced into a platinum crucible and heated at 
10 ◦C.min− 1 up to 1100 ◦C. An N2 flow was kept constant at 40 ml. 
min− 1. The thermal stability against crystallization ΔT of each compo-
sition is estimated using this equation: 

ΔT = Tx − Tg 

The identification of crystallized phases was carried out by powder 
X-Ray Diffraction (XRD) patterns which were collected on a PAN-
alitycalX’pert PRO MPD diffractometer in Bragg-Brentano θ-θ geometry
equipped with a secondary monochromator and an X’Celerator multi- 
strip detector.

The Raman spectra were measured using a confocal Raman spec-
trometer LabRAM HR Evolution (Horiba Jobin Yvon) equipped with a 
Synapse CCD detector. Excitation was provided by a diode-pumped 
solid-state laser at 532 nm (output power of 20 mW). The incident 
laser beam was focused into the sample through a microscope with a 

attributed to the high ionic mobility of the alkaline ions, compared to 
the other ions forming the glass system [21,22]. Wen et al.[1,2] showed 
the ability to draw a germanate optical fiber by incorporating rare-earth 
oxides, such as lanthanum and yttrium oxides, which are considered 
"anti-crystallization agents" in their studies. By adding these two 
rare-earths (RE), Wen et al. were able to produce a multimode and 
single-mode BGG fiber doped with Tm3+. In their work, the addition of 
lanthanum and yttrium oxide leads to an increase in the glass transition 
temperature, refractive index, and thermal expansion coefficient. 
However, the mechanism responsible for the improved glass stability 
during fiber drawing has not yet been fully elucidated. However, this 
study encouraged researchers to concentrate their efforts on under-
standing the origins of surface crystallization and the key parameters for 
preventing it. These studies were initiated by Skopak et al. by studying 
the crystallization kinetics of the BaO - GeO2 - GaO3/2 – KaO1/2 system 
[21]. They demonstrated a strong overlap between growth and nucle-
ation phenomena, with the presence of two maximum temperatures for 
crystal growth, for which the first peak at 750 ◦C (below the fiber 
drawing temperature) corresponds to the surface growth of a 
zeolite-type phase such as KaGaGeO4 and BaGa2O4. These observations 
were then underlined by the fiber drawing experiments of Guérineau 
et al., who also demonstrated the effectiveness of introducing an equi-
molar mixing ratio of lanthanum and yttrium cations. These studies 
enabled the fabrication of free-crystal fibers using the preform-to-fiber 
approach [4]. Since these results, work on fiber fabrication has 
continued. More recently, Calzavara et al. showed in their study of 
yttrium and lanthanum germano-gallate glasses that the addition of 
yttrium alone prevents surface crystallization compared with 
lanthanum, which promotes the formation of langasite-type crystalline 
[23]. This was subsequently confirmed by Zaiter et al. who succeeded in 
fabricating a mono-material fiber containing only yttrium and ytterbium 
cations [24]. 

To better understand the effect of RE introduction on BGG glass 
properties, the glass structure without any RE ions should first be clar-
ified. It is a sequence of germanium and gallium tetrahedra connected by 
their corners, with barium ions balancing the negative charge of the 
gallium tetrahedra. The excess of barium ions that do not contribute to 
the gallium balancing mechanism depolymerize the gallo-germanate/ 
germano-gallate glass network through the formation of non-bridging 
oxygens, preferentially on the germanate tetrahedra. However, few 
studies were conducted to understand the effects of RE ions such as 
lanthanum and yttrium on BGG glass structures, but also on their 
physicochemical properties [4,24–27]. 

First, Jewell et al. [25] investigated the effect of substituting gallium 
oxide for trivalent RE ions such as yttrium, gadolinium and lanthanum 
oxides. According to the authors, gadolinium and yttrium ions act both 
as glass modifiers due to their high field strength, which is defined as the 
ratio between the cation charge and cation-oxygen radius difference. 
However, these RE ions differ from other traditional glass modifiers such 
as alkali and alkaline-earth ions. Indeed, their incorporation into the 
glass structure leads preferentially to an increase in the glass transition 
temperature and the glass viscosity. In the meantime, lanthanum ion 
seems to rather play a dual role, by acting either as a gallium charge 
compensator or a network modifier. Studying gallo-germanate 
lanthanum glasses, Hwa et al. performed a structural study that may 
support this hypothesis. They suggest that the trivalent ion La3+ acts as a 
charge compensator, compensating the negative charge of gallium 
tetrahedra given the Ga/La ratio in their study, which is greater than one 
[28]. Recently, a similar study was performed by Calzavara et al. [27] on 
the dual role of lanthanum as a compensator and modifier in barium 
germano-gallate glasses as a function of Ga/Ge and (2Ba + 3La)/Ga 
ratios. Moreover, it should be mentioned that many crystalline phases 
are formed in the GaO3/2 - GeO2 - ВaO - LaO3/2 system. In such a case, 
the lanthanum introduction could destabilize the glass and favor a quick 
crystallization process. Finally, modified BGG compositions containing 
Tm, Yb, Ag, Bi, Ho, Gd and Ti glasses were recently investigated for 
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where ν is the frequency of the Raman shift, h is Plank’s constant 
(6.626.10-34 J.s), k the Boltzmann constant (1.381.10− 23 J.K− 1), and T 
the temperature of the Raman experiment. It’s equal to 298 K for the 
spectra presented here. 

3. Results

In this work, two yttrium-containing glass series are studied: one
from the system 49 GeO2 - (36 - x) GaO3/2 - 15 BaO - xYO3/2, where 
gallium is substituted by yttrium, namely S-xY. While the other is from 
the system (100 - x) (49 GeO2 - 36 GaO3/2 - 15 BaO) - xYO3/2, where 
yttrium is added to the BGG matrix, namely A-xY. For both glass series x 
= 0, 6, 11, 13 and 15 mol%. The nominal glass compositions and the 
ratios 2Ba/Ga, Ga/Ge and Y/Ga are listed in Table 1. Chemical analysis 
of one of these compositions showed deviations of less than a few 
percent from the theoretical values. These deviations are probably due 
to measurement errors, indicating that there appears to be no evapo-
ration in the glass compositions. 

As reported in Fig. 1-(a) and (b), the density increases nonlinearly 
with the incorporation of yttrium in both glass systems from 4.44 g.cm− 3 

to 4.75 and 4.73 g.cm− 3 for S-xY and A-xY glass series, respectively. In 
contrast to the density, the molar volume of the glasses evolves differ-
ently. In the S-xY compositions, the molar volume abruptly decreases 
from 29.69 cm3.mol− 1 to 28.92 cm3.mol− 1 from 0 to 6 mol% of yttrium. 
When the yttrium concentration increases up to 11 mol% and the 2Вa/G 
ratio is close to 1, i.e. there are enough barium ions to balance the 
negative charge of the gallium tetrahedra, the molar volume stabilizes. 
Above the yttrium concentration of 12 mol% and therefore in excess of 
barium ions, the molar volume decreases again to 28.48 cm3.mol− 1. For 
the A-xY series, the molar volume seems to be constant as it slightly 
fluctuates between 29.9 cm3.mol− 1 and 29.5 cm3.mol− 1. The density 
increases from 0 to 11 mol% and remains fairly constant above 10mol%. 

The thermal and physical properties, including the glass transition 
temperature (Tg), the crystallization onset temperature (Tx), the 
maximum crystallization temperature (Tc), the thermal crystallization 
stability (ΔT), the coefficient of linear thermal expansion (CTE), the 
dilatometric glass transition temperature (Tgd) and the dilatometric 
softening point (Td) are reported in Table2. 

An increase in the values of the characteristic glass temperatures is 
observed when yttrium is introduced into both series. The glass transi-
tion temperature Tg rises from 654 ◦C to 729 ◦C and 732 ◦C in S-xY and 
A-xY, respectively, the onset temperatures Tx from 789 ◦C to 880 ◦C and
875 ◦C and the crystallization temperature Tc from 808 ◦C to 902 ◦C and
891 ◦C. The thermal glass stability against crystallization is always
above 100 ◦C.

In Fig. 2-(a), the entire DSC curves are depicted for both S-xY and A- 
xY series, while Fig.2-(b) and (c) highlight the crystallization region. 
Without yttrium, a single crystallization peak at 808 ◦C corresponding to 
a single crystalline phase is observed. As the concentration of yttrium is 
increasing in both series, this peak shifts at higher temperature while 
additional crystallization peaks are reported. Indeed, a second crystal-
lization peak appears at 884 ◦C for S-6Y and 876 ◦C for A-6Y, indicating 
the formation of another crystalline phase. The second exothermic peak 
is more pronounced in A-6Y glass than in S-6Y. As the Y/Ga ratio in-
creases, the second peak appears as a shoulder in A-11Y and A-13Y at 
880 ◦C and 890 ◦C, respectively. In the S-xY system, the second 
exothermic peak is observed in S-13Y at 886 ◦C, while no second peak 
emerges in the S-11Y glass. For A-15Y sample, a single sharp crystalli-
zation peak forms at 891 ◦C, while a broad crystallization peak appears 
at 902 ◦C with a barely visible shoulder at 914 ◦C for its S-15Y 
counterpart. 

As observed in Table 2 and Fig.3, the dilatometric glass transition 
temperature measured by TMA is relatively similar to the one measured 
by DSC, considering minor discrepancies. Tgd increases due to the 
introduction of yttrium into both glass series. The softening temperature 
and thermal expansion coefficient were performed in a temperature 
range between 25 ◦C and 830 ◦C. They both also increase with the in-
crease of yttrium concentration from 692 ◦C to 765 ◦C and 748 ◦C, and 
from 7.2 10− 6 ◦C− 1 to 8.2 10− 6 ◦C− 1 and 7.8 10− 6 ◦C− 1 in S-xY and A-xY, 
respectively. 

The viscosity evolution as a function of temperature is depicted in 
Fig. 4. The temperature varies from 750 ◦C to 900 ◦C with a viscosity 
ranging between 1010.2 and 106 Poise which corresponds to the soft-
ening interval [33]. The viscosity domain below 107.5 was extrapolated 
from our measurements recorded at lower temperature as the viscosity 
evolve linearly in this range. For a same viscosity, the corresponding 
temperature is increasing in both S-xY and A-xY series. More specif-
ically, for a viscosity of 106.6 poise corresponding to the Littleton soft-
ening point, the temperature increases from 873 ◦C to 879 ◦C and 865 ◦C 
for S-15Y and A-15Y, respectively. 

Figure 5 shows the refractive index dispersion of both series. The 
Sellmeier equation with a single oscillator is used to express the 
refractive index as a function of wavelength: 

n2(λ) = 1 +
Aλ2

λ2 − B2 

Where A and B are the material specific Sellmeier coefficients 
calculated after fitting the refractive indices at 532 nm, 633 nm, 972 nm, 
1308 nm, and 1538 nm. The refractive index increases with the incor-
poration of yttrium into the matrix. Fig. 5 also highlights that the 
refractive indices of the A-xY glass system are higher than that of the S- 
xY one. 

The unpolarized Raman spectra for both series are depicted in Fig.6. 
These Raman spectra can be divided into three regions: the low- 
frequency region between 200 cm− 1 and 350 cm− 1, the mid-frequency 
region between 350 cm− 1 and 650 cm− 1, and the high-frequency re-
gion between 650 cm− 1 and 1000 cm− 1. 

The mid-frequency region is attributed to the vibrational stretching- 
bending modes of Τ-O-T (T = Ge and/or Ga) oxygen bridging two 
germanium and/or gallium tetrahedra [26–29]. The main band at 510 
cm− 1 and the shoulder at 480 cm− 1 are assigned to the stretching and 
bending vibration modes of the combined germanium and gallium 
tetrahedra, respectively. The bands in this region could also partially be 
assigned to the symmetric collective mode of regular rings, most likely 
four- and three-membered rings [34,35,37–39]. 

The high-frequency region and in particular the band around 850 
cm− 1 is assigned to localized symmetric and antisymmetric vibrational 
modes within the tetrahedral units of germanium with nonbridging 
oxygen (NBOs) called Qn =1, 2, 3, 4 in which Q and n correspond 
respectively to tetrahedral germanium units and the number of oxygen 
bridging two germanium ions [39–41]. This region also includes the 

Table 1 
Nominal compositions of the studied S-xY and A-xY glasses in cationic per-
centage (mol%) with the ratios 2Ba/Ga, Ga/Ge and Y/Ga.   

Cationic percentage (mol%) Ratio 

Glass label Ge4+ Ba2+ Ga3+ Y3+ 2Ba/Ga Ga/Ge Y/Ga 

0Y 49 15 36 0 0.8 0.7 0 
S-6Y 49 15 30 6 1 0.6 0.2 
S-11Y 49 15 25 11 1.2 0.5 0.4 
S-13Y 49 15 23 13 1.3 0.5 0.6 
S-15Y 49 15 21 15 1.5 0.4 0.7 
A-6Y 46 14 34 6 0.8 0.7 0.2 
A-11Y 44 13 32 11 0.8 0.7 0.3 
A-13Y 43 13 31 13 0.8 0.7 0.4 
A-15Y 42 13 31 15 0.8 0.7 0.5  

10X objective. The Raman intensity is multiplied by the Bose–Einstein 
correction factor, nBE, to eliminate low wave number thermal: 
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Fig. 1. (a), (b) the molar volume (Vm) and density (ρ) versus the cationic concentration of yttrium YO3/2 (mol%) of the S-xY and A-xY glass system, respectively.  

Table 2 
Thermal and physical properties of the studied S-xY, and A-xY glasses: density (ρ), glass transition temperature (Tg), onset of crystallization temperature (Tx), 
maximum of crystallization (Tc), thermal stability (ΔT), coefficient of linear thermal expansion (CTE), the dilatometric glass transition temperature (Tgd) and the 
dilatometric softening point (Td).   

Density DSC TMA 

Glass 
label 

ρ 
(± 0.01 g.cm− 3) 

Tg 

(± 3 ◦C) 
Tx 

(± 3 ◦C) 
Tc1 

(± 3 ◦C) 
Tc2 

(± 3 ◦C) 
ΔT 
(± 6 ◦C) 

CTE 
(± 0.0510− 6 ◦C − 1) 

Td 

(± 3 ◦C) 
Tgd 

(± 3 ◦C) 

0Y 4.44 654 789 808 – 135 7.2 692 656 
S-6Y 4.59 696 820 842 884 124 7.2 714 679 
S-11Y 4.62 700 856 882 – 156 7.7 724 700 
S-13Y 4.66 713 838 865 886 125 7.9 748 712 
S-15Y 4.75 729 880 902 914 151 8 765 728 
A-6Y 4.52 683 821 847 876 138 7.3 718 683 
A-11Y 4.69 711 843 871 880 132 7.4 724 701 
A-13Y 4.71 725 855 875 890 130 7.4 746 712 
A-15Y 4.73 732 875 891 – 143 7.8 748 713  

Fig. 2. (a) DSC curves for S-xY and A-xY series showing glass transition temperature (Tg), crystallization onset (Tx) temperature, and maximum crystallization 
temperature (Tc). Crystallization region is highlighted in (c) for S-xY and (d) for A-xY. 
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stretching vibration at 785 cm− 1 and 870 cm− 1 of the mixed bonds ν 
(Ge-Ο− -Ga) with an heterogeneous charge distribution on the oxygen 
ions [36]. 

The band at 510 cm− 1 shifts to higher frequencies (at 520 cm− 1 and 
535 cm− 1 in S-xY and A-xY series, respectively), as the yttrium con-
centration increases. In the meantime, the band peaking at 480 cm− 1 

decreases drastically in intensity, indicating the breaking of bonds be-
tween two germanium tetrahedra, and thus the formation of a complex 
glass structure. Focusing on the high-frequency region, when the 2Ba/ 
Ga increase from 1 to 1.5 in the S-Yx glass system, two contributions 
appear at 755 cm− 1 and 850 cm− 1 in the form of a shoulder. Their in-
tensity increases when the Y/Ga ratio increases from 0.2 to 0.7, until 
they become predominant compared to the other bands in this high- 
frequency region. According to the literature, the Raman bands at 755 
cm− 1 and 850 cm− 1 are respectively attributed to the stretching vibra-
tion of germanium tetrahedra with two NBOs Q2 and one NBOs Q3 [35, 
38,39]. These two bands appear in the A-xY system, even though the 
2Вa/Ga ratio is equal to 0.8, indicating that the yttrium participates in 
the depolymerization of the BGG lattice with increasing Y/Ga ratio. 
However, at the same yttrium concentration, these two bands are less 
intense than in the S-xY system. 

An additional band is rising at 680 cm− 1 when the Υ/Ga ratio in-
creases from 0.2 to 0.7. Some authors attributed this latter band to the 
edge-sharing octahedral germanium coordination site [36,42]. Mean-
while, Yashimoto et al. and Calzavara et al. attributed this band to the 
stretching mode of gallium coordination sites having a non-bridging 
oxygen [41,27]. It should be mentioned that this band can also be due 

Fig. 3. TMA curves recorded for both S-xY and A-xY glass series. the mea-
surements were performed in a temperature range between 25 ◦C and 830 ◦C. 

Fig. 4. The evolution of viscosity as a function of the temperature for (a) S-xY, and (b) A-xY. Solid lines represent the experimental data while dashed lines are their 
respective linear extrapolation. 

Fig. 5. Refractive index dispersion for (a) S-xY and (b) А-xY glasses.  
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to bridges between different gallium ions [27]. 
The low-frequency region at 340 cm− 1 is assigned to the localized 

vibration modes of modifier cations X - O, such as barium ions. Ac-
cording to the Raman spectra, a relative increase of this band is observed 
as the yttrium ions is introduced. 

To study the crystallization kinetics and to determine the crystallized 
phases, four independent heat treatments were carried out at tempera-
tures close to or above Tx: at 800 ◦C for 30 and 60 min, at 900 ◦C for 30 
min, and at 940 ◦C for 30 min. Subsequently, the obtained samples were 
examined by X-ray diffraction (see Fig. 7-(a), (b) and (c)). 

After the heat treatment performed at 800 ◦C for 30 min, only a 
broad signal with no diffraction peak is reported, suggesting that the 
glass samples are amorphous. At the same temperature but for 60 min 

(Fig.7-(a)), the germanate zeolite-type phase BaGa2Ge2O8 (monoclinic) 
is detected with two different space groups P21/c (14) and C2/c [43, 
44]. Both polymorphic phases were identified in the yttrium-free BGG 
glass, while only P21/c (*) was identified in S-11Y, A-11Y and A-13Y 
samples. Additionally, regarding the diffraction peak intensity, the 
volume fraction of the P21/c phase is higher in S-11Y than in A-13Y and 
A-11Y. Correlating this observation with the DSC results, the first crys-
tallization peak in the DSC curve most likely corresponds to the nucle-
ation and growth of BaGa2Ge2O8, in which its volume fraction continues
to increase with increasing heat treatment temperature up to 940 ◦C (see
Fig. 7-(b) and c)). In the meantime, S-13Y, A-15Y and S-15Y samples
remain amorphous even after prolonged heat treatment at 800 ◦C for 60
min (see Fig. 7-(a)). When the temperature increases up to 900 ◦C, both

Fig. 6. Raman spectra of (a) S-xY, and (b) A-xY glasses normalized to the most intense band peaking at 500 cm− 1.  

Fig. 7. X-ray diffractogram of 0Y, S-11Y, S-13Y, S-15Y, A-11Y, A-13Y and A-15Y glasses submitted to different heat treatments.  
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4. Discussion

In general, the physical, thermal, and optical properties of a glass
matrix are determined by the role and nature of the cations forming the 
network [47–49]. According to Raman analyses, germanium and gal-
lium ions occupy tetrahedral sites in the form of [GeO4] and [GaO4]− , 
respectively. When the 2Вa/Ga ratio is ≈ 1, the glass matrix consists of a 
sequence of germanium and gallium polyhedral connected by their 
corners [21], with a sufficient Ba2+ quantity to balance the negative 
charge of the gallium tetrahedra. When the ratio 2Вa/Ga is greater than 
1, the Ba2+ ions are in excess, leading to the formation of NBOs on the 
germanium tetrahedra [39,36]. When the 2Вa/Ga ratio is inferior to 1, 
the Ba2+ ions are not enough to compensate for the negative charge of 
the [GaO4]− tetrahedra. The gallium units are expected to change their 
coordination from 4 to 5 and/or 6 [15,29]. The presence of mixed bonds 
Ge-O− -Ga is quite conspicuous in the 0Y glass, reflected in the bands at 
785 cm− 1 and 872 cm− 1 attributed to the stretching vibration of ν (Ge - 
Ο− - Ga) [36]. When gallium is replaced for yttrium, the Ga/Ge ratio 
decreases from 0.7 to 0.3, leading to a transition from a gallo-germanate 
glass system to an yttrio-germanate glass system. Those structure mod-
ifications induced a shift of the 510 cm− 1 band to high frequencies. The 
same observation is reported also in Calzavara et al. study [27]. How-
ever, it’s difficult in Raman to distinguish the vibrational modes of T-O-T 
because the two atoms have similar mass and coordination. 

Increasing the Y/Ga ratio leads to a decrease in the gallo-germanate 
network polymerization in both glass systems. Indeed, The Raman 
spectra reveal that the peaks assigned to the vibrational modes of Q2 and 

Q3 of both gallium and/or germanium tetrahedra are substantially 
increased compared to the T-O-T bands. Moreover, when yttrium is 
added to the matrix, it noticeably increases the Tg, density, and viscosity, 
which tends to confirm that the yttrium is involved in the glass network 
and cannot be considered only as a glass modifier. 

This type of structural and properties changes have also been 
observed in boron and aluminosilicate glasses where АlO3/2 has been 
replaced by yttrium or added to the glass matrix [50–61] and in 
germanate-silica glasses [62]. These studies rely on their interpretations 
of yttrium’s field strength and coordination number. According to the 
Diezel criteria [63], the role of a cation in a glassy network is charac-
terized by the Colombian attraction force or the field strength A, which 
is defined as the ratio between the cationic charge Zc and the ionic radius 
between the cation rc and oxygen ro: 

A =
Zc

(rc + ro)
2 

Based on these previous studies and the results of the present work, 
the change observed in BGG glasses was interpreted as follows: Y3+ has a 
higher field strength [25] compared to Ba2+, while it is larger than Ga3+. 
Its intermediate nature differentiates it from Вa2+(+II) as a simple 
modifier or compensator ion. In addition to its high field strength, Y3+

probably also has a high coordination number, greater than or equal to 6 
[64]. When Y3+is incorporated into the network, it can connect the 
gallium and/or germanium tetrahedra, making the glass network more 
compact and rigid as the Y/Ga ratio increases [64]. As a result, the 
density, glass transition temperature and viscosity increase with the 
increase of YO3/2 content. This was also observed by Jewell et al. in their 
study on gallo-germanate, while they were added a small amount of 
yttrium in their study compared to our present work. 

The appearance of a new band at about 680 cm− 1 with increasing 
yttrium concentration also indicates a significant change in the glass 
structure. Again, the correlation can be established with the structural 
change occurring in aluminosilicate glasses when the yttrium is intro-
duced into the glass matrix. Indeed, various experimental techniques 
such as X-ray and neutron diffraction, NMR [64–67], molecular dy-
namics simulations, FTIR and Raman spectroscopies [68] have demon-
strated that the abundance of higher coordinated aluminum units 
increases as the Y/Al ratio increases. it suggests that yttrium ions pro-
mote the conversion of 4-coordinated aluminum to higher coordinated 
structural units, leading to severe deformations of the matrix with the 
formation of polyhedral edge-sharing in addition to corner-sharing [66, 
67]. 

The density values, which do not evolve linearly with the yttrium 
oxide concentration, present a clear gap between the value measured 
below 6 mol% and above 11 mol% of YO3/2. This evolution versus the 
yttrium content coincides in the Raman spectra with the appearance of 
NBOs on the germanium tetrahedra. This new environment in the BGG 
glass could also explain the slowdown in the formation of the zeolite- 
type phase BaGa2Ge2O8, as it may limit the ion diffusion and migra-
tion during heat treatment. 

In alumino-silicate glasses, it has also been demonstrated that the 
yttrium in alkali and alkaline aluminosilicate glasses strongly affects the 
crystallization process. Kang et al. [55] reported in glasses from the MgO 
- AlO3/2 - SiO2 system that a concentration of 2 mol% of YO3/2 inhibits
the crystallization process and forces the quartz solid solution
(yttrium-free crystalline phase) to be form at higher temperatures.
Dittmer et al. [58] found that the use of 4 mol% of YO3/2 prevents the
precipitation of the α-quartz solid solution in the MgO - AlO3/2 - SiO2 -
ZrO2 system. Singh et al. [69] showed in SiO2 – MgO - BO3/2 - AlO3/2 
glasses that increasing the yttrium concentration up to 6 mol% leads to
the crystallization of Mg2SiO4 and MgSiO3 instead of cordierite phase
(Mg2Al4Si5O18).

In our study, a clear competition between the zeolite-type phases and 
the yttrium pyrogermanate phase Y2Ge2O7 has been revealed for heat Fig. 8. X-ray diffractogram of 0Y, S-11Y, S–13Y and S-15Y glasses submitted to 

heat treatment at the Littleton point. 

BaGa2Ge2O8 polymorphs are detected in all S-xY samples. In the A-xY 
series, only BaGa2Ge2O8 P21/c was detected, except in A-15Y which 
contains both BaGa2Ge2O8 polymorphs. 

Moreover, an additional yttrium-containing phase, yttrium pyro-
germanate Y2Ge2O7 (〇) [45,46], is formed as the heat treatment rea-
ches 900 ◦C, except for A-13Y and A-11Y. After the 940 ◦C heat 
treatment, only A-11Y still does not present this yttrium crystalline 
phase. As reported in our DSC measurements, Y2Ge2O7 seems to corre-
spond to the second DSC crystallization peaks. 

To investigate the relation between the viscosity at 106.6 Poise (i.e., 
the Littleton softening point) and the crystallization kinetics in the S-xΥ 
series, heat treatment at 835, 843, 864 and 879 ◦C, on 0Υ, S-11Y, S-13Υ, 
and S-15Y, respectively was performed. As depicted in Fig. 8, both 
germanate zeolite-type phases (BaGa2Ge2O8 P21/c (*) and BaGa2Ge2O8 
C2/c (Δ)) and yttrium-containing phase, yttrium pyrogermanate 
(Y2Ge2O7 (〇)), are detected in the four glass samples. However, the 
characteristic peaks of the zeolite-type phases are more intense in 0Y 
and S-11Y than in the glasses with higher yttrium content, S-13Y and S- 
15Y. 
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5. Conclusion

The introduction effect of 1 to 20 mol% of YO3/2 on the properties
and crystallization behavior of BGG glasses was studied. The structure is 
initially a three-dimensional network consisting of alternating germa-
nium and gallium tetrahedra connected by the corners. The negative 
charge of the gallium tetrahedra is compensated by the barium ions. 
When yttrium is added to the glass matrix, the structure becomes more 
compact, increasing the Tg, density, coefficient of thermal expansion, 
and viscosity, while generating non-bridging oxygens on the germanium 
and/or gallium tetrahedra. This impact is predominantly attributed to 
the large field strength of the yttrium compared to the barium. Finally, it 
also affects the crystallization kinetics of BGG glass, by impeding the 
crystallization process and the formation of the gallo-germanate zeolite- 
type phase while promoting yttrium-containing phases. 
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