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Whilst the optical and structural properties of the glasses containing tantalum oxide have been 
considerably investigated, research into their mechanical properties is not substantially established. This 
work reports on the mechanical characterization of transparent germanate glass samples, obtained via the 
melt-quenching technique, with a molar content of Ta2O5 ranging from 0% to 20%. The introduction of 
Ta2O5 in the samples is related to significant improvements in the mechanical properties. The transition 
from glass to transparent glass-ceramic via the controlled crystallization of Ta2O5 proved to be a tool 
to increase both the elastic modulus and the hardness while keeping the transparency of the material. 
The average elastic modulus of the studied compositions ranged from 69.2 GPa to 99.1 GPa, while 
the average hardness of the same samples varied from 5.10 GPa to 7.34 GPa.

Keywords: Tantalum oxide, glass, germanium oxide, nanoindentation.

1. Introduction
The wide applications of glassy materials, from 

construction and electronics to covers of smartphones, are 
continuously demanding innovative and stronger glasses. 
Glasses with high elastic moduli and high hardness values 
have been required for many years because the thickness 
of sheet glass with these properties can be decreased while 
preserving its strength. Thinner and lighter glasses are in 
demand for windows in buildings and cars, substrates for 
thin-film transistor (TFT) displays, and covers of smartphone1. 
Among other reasons, the development of these innovative 
glasses is possible in connection with the evolution of the 
understanding of the property response as a function of the 
chemical composition. Therefore, it is important to determine 
the quantitative relation of each constituent element and its 
contribution to the final properties of the glass2.

The Makishima-Mackenzie (MM) model provides a 
direct calculation of the Young’s modulus of oxide glasses 
from chemical compositions. The prediction is based on an 
assessment of the dissociation energy of the oxide constituents 
and the packing density3. The model relates the bulk stiffness 
to the strength of the bonds and their density. The strength of 
the bonds is estimated from the dissociation energy, while the 
bond density is related to the combination of specific bond 
energy and atomic packing fraction4. A paper from Yamane 
and Mackenzie5 provides evidence that the Vickers hardness 
of the glasses is directly related to their bond strengths and 
the elastic moduli. Consequently, the use of elements with 
large dissociation energies and high atomic packing fractions 

could be a path to follow in order to produce glasses with 
high elastic moduli and hardness.

Transition metal oxides are well-known and largely used 
for incorporation in vitreous materials due to optical changes 
and property enhancements owing to the insertion of these 
metallic ions inside the vitreous network. Furthermore, 
transition metal oxides usually increase the chemical and 
thermal stabilities of glass formers due to their intermediary 
behavior related to the high coordination number of the 
metallic ions and resulting higher connectivities of the 
glass network6-9.

Tantalum oxide (Ta2O5) has been less investigated due its 
lower solubility in glass formers as well as harder synthesis 
conditions related to melting temperatures10. To our knowledge, 
research into the mechanical properties of glasses containing 
Ta2O5 has just recently started and study of the mechanical 
properties of germanate glasses containing Ta2O5 is new. 
In fact, recent works have shown that tantalum germanate 
glasses are promising optical materials for luminescent and 
optical non-linear devices, but such applications are strongly 
dependent on sufficient mechanical performance11-13.

Tantalum oxide (Ta2O5) has a large dissociation energy 
(GTa2O5 = 95.6 kJ/cm3) and large cationic field strength 
(Ta5+)1. Based on the Makashima and Mackenzie model, it 
is expected that an increasing tantalum content would lead 
to increasing elastic modulus.

Germanium oxide (GeO2) possesses dissociation energy 
(GGeO2) varying from 44.9 to 49.5 kJ/cm3,14, depending on the 
oxygen coordination number, which can be 4 or 6. This value 
is not large in relation to the dissociation energy of other *e-mail: cdelima@agrintl.com

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1661-8254


Lima et al.2 Materials Research

oxides. For instance, GSiO2 = 68 kJ/cm3, and GAl2O3 = 131 kJ/
cm3,15. However, the melting point of GeO2 is low in relation 
to the melting point of both of these oxides. A glass with high 
amounts of both SiO2 and Ta2O5, or both Al2O3 and Ta2O5, 
would require very high melting temperatures and probably 
special preparation techniques, such as the aerodynamic 
levitation technique. This technique was used, for instance, 
to prepare a glass with the composition 54Al2O3-46Ta2O5 at 
a temperature of 2000 °C1. Besides enabling the melting at 
an elevated temperature, the use of aerodynamic levitation 
also prevented crystallization of this composition.

Ta-based bulk metallic glasses with high fracture strength 
(2.7 GPa, obtained from compressive tests), hardness (9.7 GPa), 
and elastic modulus (170 GPa) were already reported16. 
However, due to their glass transition temperatures, above 
700 °C, these samples were prepared by arc melting of pure 
Ta, Ni, and Co, followed by copper mold suction casting 
preparation of the alloy rods.

The use of special melting techniques would be significantly 
more expensive than the traditional melt-quenching method. 
Furthermore, it would limit the size of the samples obtained 
to millimeters in diameter, thereby limiting the potential of 
the production on an industrial scale. For these reasons, this 
work focuses on the preparation of the samples via the melt-
quenching method, at a maximum temperature of 1450 °C. 
A series of glasses were prepared with GeO2, K2O and 
Ta2O5 as constituent elements. Samples with variable contents 
of GeO2 and Ta2O5 were characterized in order to quantify 
the effect of such changes on the mechanical properties of 
the glasses. These samples were already reported on and 
had their optical properties described by De Pietro et. al.17.

Based on these considerations, this work investigates 
the effect of the addition of Tantalum Oxide (Ta2O5) on the 
mechanical properties of germanate glasses. One sample 
was submitted to a heat treatment in order to obtain a glass-
ceramic and compare its properties with the properties of 
the parent glass.

2. Experimental Part
The samples in the ternary system (90-x)GeO2·10K2O·(x)

Ta2O5 were prepared from the chemical compounds GeO2 (≥ 
99.99%), Ta2O5 (99.9%) and K2CO3 (≥ 99%), all from 
Aldrich, and melted in a platinum crucible. The starting 
compounds were weighted with an analytical balance and 
ground with a ceramic mortar and pestle before being placed 
in a crucible and molten. Each sample weighed 30 g. Melting 
temperatures ranged between 1300 °C and 1450 °C, the 
samples being melted in temperatures that were as low as 
possible. The furnace was heated at 5 °C/min. The samples 
were kept at the melting temperature for 45 min. The melts 
were cooled in the crucible by removing it from the furnace 
and pouring it into a stainless-steel mould.

After having been cooled to room temperature the samples 
were annealed for 3 h at a temperature immediately below 
the glass transition temperature, before cooling down to 
room temperature. The sample subjected to a heat treatment 
for obtaining a glass-ceramic was heat-treated for 48 h at 
840 °C by heating at 3.6 °C/min. The surfaces of the glass 
samples were ground and polished. All the produced samples 
are listed in Table 1.

The samples were subjected to nanoindentation tests, 
thermal analysis and Energy-Dispersive X-ray Spectroscopy. 
The nanoindentation tests were performed at 700 nm of depth, 
at least 15 indentations per sample, with a distance of 20 nm 
between them, using a Nano Indenter MTS G200. The elastic 
modulus and hardness were obtained from the Berkovich 
nanoindentation curve. The average values of both properties 
were calculated based on the load-displacement curves of the 
samples. The calculation of E using nanoindentation is not 
straightforward. A reduced Young’s modulus, Er= E/(1-v2), 
is obtained18, in which v is the Poisson’s ratio.

SEM-EDS and microscopy analysis were performed by 
a Philips XL30 ESEM machine. The calculations of both 
elastic modulus and hardness considered the penetration depth 
between 300 nm and 500 nm, thus disregarding scattered 
data and a possible purely elastic zone, and Poisson’s ratio 
of 0.2. Thermal analysis was performed with a thermal 
analyzer NETZSCH STA 449 F3 Jupiter between 35 ºC and 
1100 ºC at 10 °C/min under Argon atmosphere.

3. Results and Discussion

3.1. The homogeneity
The homogeneity of the samples was checked by means 

of Energy-Dispersive X-Ray Spectroscopy. The samples 
were observed with Scanning Electron Microscopy (SEM), 
and areas of each sample were chosen and analysed using 
EDS. Different points of each area were analysed, in order 
to certify the reliability of the results. Elemental maps with 
the distribution of the elements in samples 90GeO2·10K2O 
and 70GeO2·10K2O·20Ta2O5 are shown in Figures 1 and 2, 
respectively. The distribution of the elements is quite 
homogeneous, except for some regions richer in Ta for the 
composition 70GeO2·10K2O·20Ta2O5.

3.2. Hardness and elastic modulus of the glass 
samples

Figures 3 and 4 exhibit hardness and elastic modulus 
versus penetration depth curves, respectively, which were 
obtained for a test of five glass samples. The average values 
obtained for all the hardness tests ranged between 5.10 ± 
0.32 GPa and 6.91 ± 0.09 GPa.

Initially, both curves increased to a maximum value which 
is followed by a decrease to a constant value. Usually, the 
initial sharp increase in hardness at a small penetration depth 
is associated with the transition from purely elastic to elastic-
plastic contact. The mean contact pressure just expresses the 

Table 1. Melting conditions and compositions in the system (90-x)
GeO2·10K2O·(x)Ta2O5, with x varying from 0 to 20% mol.

Sample (x) Theoretical composition Melting temperature 
(°C)

0 90GeO2·10K2O 1300
5 85GeO2·10K2O·5Ta2O5 1300
10 80GeO2·10K2O·10Ta2O5 1350
15 75GeO2·10K2O·15Ta2O5 1400
20 70GeO2·10K2O·20Ta2O5 1450
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Figure 1. Elemental map of the glass sample 90GeO2·10K2O.

Figure 2. Elemental map of the glass sample 70GeO2·10K2O·20Ta2O5.
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hardness under a completely developed plastic zone. Under 
a partially formed plastic zone or even with no plastic zone, 
the contact pressure is generally smaller than the nominal 
hardness19. Figure 3 shows that this effect is observed for all 
the samples containing Ta2O5. Although, it is not identified 
for the tantalum-free composition 90GeO2·10K2O. For the 
samples containing Ta2O5, this could be explained by the 
fact that in a low depth the tip is very blunt to penetrate the 
glass, overestimating the hardness20. However, for the sample 
90GeO2·10K2O, it seems that the tip starts to penetrate the 
glass since the beginning of the measurement due to the 
absence of a peak at the hardness axis.

Regarding the elastic modulus, the penetration depth 
dependence on the Ta2O5 followed the same trend observed 
for the hardness. Table 2 lists the average values of both 
properties, obtained from the measurements. The average 
elastic modulus measured for the five samples ranged from 
69.2 ± 1.5 GPa to 92.3 ± 1.0 GPa. A pure germanate glass 
has a reported elastic modulus of 43.3 GPa18. The binary 
composition 90GeO2-10K2O has a reported longitudinal 
elastic modulus of about 67 GPa21. In this work, a Poisson’s 
ratio of 0.2 was used for the calculations. This value was 

based on the Poisson’s ratio of a pure germanate glass, which 
is 0.1918. The data were analysed following the methods 
proposed by Oliver and Pharr22.

The relation between the molar concentration of Ta2O5 (x), 
the elastic modulus, and the hardness, for compositions 
(90-x)GeO2·10K2O·(x)Ta2O5 is highlighted in Figure 5. It is 
remarkable that the elastic modulus increases with increasing 
tantalum content. The same trend appears for hardness, 
but, for this property, the lower hardness values observed 
for sample 80GeO2·10K2O·10Ta2O5 and the high standard 
deviation shown in the results of the nanoindentation tests 
performed for this sample, preclude concluding if this property 
always increases with an increasing molar concentration 
of Ta2O5. Further studies with intermediary compositions 
should be conducted in order to clarify this point. However, 
previous investigations in these glass compositions already 
pointed out that other properties such as thermal stability 
against devitrification do not follow a linear trend against 
tantalum oxide content. Such behaviour was already related 
to a specific structural evolution of the glass network versus 
composition17.

In fact, as already described for this glass system17, the 
effect of tantalum addition in the potassium germanate glass 
network can be better understood considering two distinct 
composition ranges. For low Ta2O5 contents (≤10 mole%), 
TaO6 octahedra are inserted inside the germanate covalent 
network (between GeO4 tetrahedra) and promote cross-
linking bonds due to tantalum high coordination number and 
a resulting higher overall connectivity. However, owing to 
the low Ta2O5 solubility in germanate compounds, higher 
contents beyond 10% progressively promote TaO6 rich 
domains constituted of TaO6 clusters. Such behaviour can 
be understood as the initial stage of an amorphous phase 
separation and a resulting nanoscale heterogeneous glass 
network constituted of tantalum germanate and tantalum 
oxide domains. In this composition range, these tantalum 
oxide rich domains act as crystallization nuclei in agreement 
with lower thermal stabilities determined by DSC17 and 
promote crystallization of a potassium tantalum perovskite 
phase of type K2Ta8O21. Since Ta5+ has a large dissociation 
energy and a large cationic field strength, because of its 
small ionic radius and high valence state, such TaO6 clusters 
could contribute to a high packing density of the glass1, 
strengthening the bonds and enhancing the bond density.

The progressive increase of density with the addition 
of Ta2O5 content contributes to the high compactness of the 
glass structure. Previous studies23 have already demonstrated 
that that the Ta5+ ions entered into the heavy metal oxide 
glass as TaO6 octahedral units, which strengthened the 

Figure 3. Hardness versus penetration depth curve for the ternary 
system (90-x)GeO2·10K2O·(x)Ta2O5.

Figure 4. Elastic modulus versus penetration depth curve for the 
ternary system (90-x)GeO2·10K2O·(x)Ta2O5.

Table 2. Values of hardness and elastic modulus for the system 
(90-x)GeO2·10K2O·(x)Ta2O5, with x varying from 0 to 20% mol.

Composition E (GPa) H (GPa)
90GeO2·10K2O 69.2 ± 1.5 5.10 ± 0.32

85GeO2·10K2O·5Ta2O5 74.9 ± 1.3 6.18 ± 0.22
80GeO2-10K2O·10Ta2O5 77.3 ± 7.5 5.52 ± 1.11
75GeO2·10K2O·15Ta2O5 82.2 ± 0.6 6.39 ± 0.06
70GeO2·10K2O·20Ta2O5 92.3 ± 1.0 6.91 ± 0.09
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network connectivity and led to outstanding hardness. 
However, from a certain threshold, the further addition of 
Ta2O5 decreased the glass’s mechanical stability as large 
nanocrystals and tantalum clusters broke the homogeneity 
of the glass, and when a load was applied, the cracks spread 
to its surrounding area.

Summarizing, an increase in the elastic modulus and 
hardness caused by high Ta2O5 contents could be explained 
by both factors: the intrinsic properties of the Ta2O5 and by 
the manner that the tantalum ions are inserted in the glassy 
structure.

3.3. The influence of crystallization on hardness 
and elastic modulus

As the sample 70GeO2·10K2O·20Ta2O5 exhibited the 
highest values of both elastic modulus and hardness, this 
sample was selected for investigation of its crystallization 
behaviour. The characteristic temperatures were obtained 
by thermal analysis and are labelled in Figure 6.

The first crystallization event related with potassium 
tantalate K2Ta8O21 starts around 840 °C, whilst the complete 
crystallization is reached around 878 °C. In addition, another 
crystallization event is detected around 1000 ºC and is attributed 
to crystallization of the remaining mixed potassium tantalum 
germanate glassy phase. A heat treatment was conducted in 
order to determine if the precipitation of crystalline phases 
could affect the mechanical properties of the glass. Therefore, 
the sample 70GeO2·10K2O·20Ta2O5 was heated up to the Tx, 
840 °C, and kept at this temperature for 48 h. Thereafter, the 
sample was slowly cooled to room temperature.

The heat-treated sample was still transparent, however, 
showing a light bluish coloration attributed to crystals 
precipitation. A heat-treated 70GeO2·10K2O·20Ta2O5 sample 
is shown in Figure 7. In fact, light scattering due to crystallites 
is known to increase for lower wavelengths. The measured 
elastic modulus and hardness values for the heat-treated 
sample were 99.1 ± 2.7 GPa and 7.34 ± 0.37 GPa, such 
values being 7.4% and 6.2% higher than the same values 
obtained for the precursor glass sample.

Both pristine glass and final glass-ceramic were 
characterized by X-ray diffraction for a better overview 
of their amorphous/crystalline state and identification 
of precipitated crystalline phases, as shown in Figure 8. 
As expected, the glass sample is free of diffraction peaks 

Figure 5. Relation between the molar concentration of Ta2O5 (x), 
the elastic modulus, and the hardness for compositions (90-x)
GeO2·10K2O·(x)Ta2O5.

Figure 8. X-ray diffraction patterns of samples 70GeO2·10K2O·20Ta2O5, 
non-treated, 70GeO2·10K2O·20Ta2O5, heat-treated at 840 °C for 
48 h, and K2Ta8O21. The diffraction peaks that are in agreement 
with the existence of a superstructure tripling of parameter b are 
indicated by green symbols.

Figure 6. DSC curve of glass composition 70GeO2·10K2O·20Ta2O5.

Figure 7. Sample 70GeO2·10K2O·20Ta2O5 with a central thickness 
of 4.8 mm treated at 840 °C for 48 h.
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but rather exhibits diffraction halos centered around 28 and 
55º, in agreement with an amorphous state. On the other 
hand, the heat-treated sample presents a different XRD 
pattern with several diffraction peaks between 10 and 70º, 
supporting the formation of a transparent glass-ceramic. 
Based on previous crystallization studies on this glass 
composition and by comparison with reported XRD patterns 
of alkaline tantalate crystalline phases, the diffraction peaks 
nicely match with the perovskite-type potassium tantalate 
K2Ta8O21 as described by da Cunha et al.12.

The crystalline structure of this perovskite is similar 
to tetragonal tungsten bronze K0,6WO3 but additional weak 
diffraction peaks are in agreement with the existence of a 
superstructure and tripling of parameter b24. In fact, the 
crystalline network is built from corner-shared TaO6 octahedra 
in a way that free-space cavities are also formed between 
this octahedral framework being larger cavities labeled 
A1 and A2 of coordination 12 and 15 and smaller B cavities 
of coordination 9. A1 and A2 cavities are located one above 
the other along the c axis forming tunnels where large cations 
like potassium can be accommodated. Consequently, the 
increase of both elastic modulus and hardness can be mainly 
attributed to the corner-shared TaO6 network similar to the 
structure of orthorhombic Ta2O5 which is known to give a 
large dissociation energy (GTa2O5 = 95.6 kJ/cm3).

Based on these considerations, such tantalum oxide rich 
domains are suspected to be the reason for the high measured 
values of both elastic moduli and hardness.

Sidek et al.25 reported the elastic moduli of germanate 
glasses containing lead and bismuth in the form of 
(GeO2)60·(PbO)40−x·(½Bi2O3)x where x = 0 to 40 mol%. The results 
indicated that the elastic moduli increased linearly with 
B2O3 content, with Young’s modulus ranging between 
54.93 GPa (x=0) and 64.90 GPa (x=40). The increase in elastic 
moduli was attributed to an increase in the cross-link density 
and, therefore, an increase in the rigidity of glass samples.

Bayya et al.26 demonstrated that the mechanical properties 
of the 20BaO·10Ga2O3·70GeO2 (BGG) molar glass composition 
can be dramatically improved by forming a glass-ceramic. 
The results indicated that glass ceramization resulted in a 
40% improvement in hardness, which was attributed to the 
hexagonal close-packed structure of the BaGe4O9 phase and 
its high atomic packing density compared with those in the 
parent glass. The BGG glass-ceramic has an elastic modulus 
of 116 GPa, which is 65% higher than that of the parent 
BGG glass (70 GPa). The observed increase was associated 
with the contribution of the crystalline phase (BaGe4O9) 
present in the glass-ceramic. As in the potassium tantalum 
germanate system, the selective precipitation promoted by 
controlled crystallization proved to be a tool to achieve high 
values of the elastic modulus and hardness while keeping 
the transparency of the material.

Furthermore, the same study26 reported a 134% increase 
in the fracture toughness of the BGG glass-ceramic and 
a 116% increase in strength over the parent glass. Crack 
deflection at the grain boundary is believed to be the main 
factor contributing to the observed increase in fracture 
toughness, and the increase in strength is reported as a result 
of the increase in fracture toughness and elastic modulus.

Although fracture toughness and strength were not 
evaluated for the potassium tantalum germanate system, 
we encourage the investigation of these properties in future 
works as the precipitation of nanocrystals might helps to 
prevent the propagation of cracks in the structure of the 
material. Investigation of the crystals in the heat-treated 
70GeO2·10K2O·20Ta2O5 sample using scanning electron 
microscopy (SEM) is also suggested.

4. Conclusions
The introduction of tantalum oxide in germanate glasses 

improves their mechanical properties, resulting in samples 
with high elastic moduli and hardness. The elastic modulus 
of samples containing from 0% to 20% mol. of Ta2O5, 
ranged between 69.2 ± 1.5 GPa and 92.3 ± 1.0 GPa, while 
the hardness of the same samples varied between 5.10 ± 
0.32 GPa and 6.91 ± 0.09 GPa. This relevant improvement of 
mechanical properties can be related with structural changes 
with a progressive formation and corner-shared TaO6 rich 
domains with high dissociation energies within the mixed 
tantalum germanate network. Selective crystallization of 
the perovskite type K2Ta8O21 results in transparent glass-
ceramics with further improved mechanical properties 
with an elastic modulus of 99.1 ± 2.7 GPa and a hardness 
of 7.34 ± 0.37 GPa,
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