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A B S T R A C T

Titania represents an important compound for property modifications in the widespread family of soda lime
silicate glasses. In particular, such titania-containing glasses offer interesting optical and mechanical properties,
for example, for substituting lead-bearing consumer glasses. Here, we provide a systematic study of the effect of
TiO2 on the structural, thermal, and mechanical properties for three series of quaternary Na2O–CaO–TiO2–SiO2

glasses with TiO2 concentrations up to 12 mol% and variable Na2O, CaO, and SiO2 contents. Structural analyses
by Raman and magic-angle spinning 29Si NMR spectroscopy reveal the presence of predominantly four-fold
coordinated Ti[4] atoms in glasses of low and moderate TiO2 concentrations, where Si–O–Si bonds are replaced
by Si–O–Ti[4] bonds that form a network of interconnected TiO4 and SiO4 tetrahedra, with a majority of the non-
bridging oxygen ions likely being located at the SiO4 tetrahedra. At higher TiO2 contents, TiO5 polyhedra are
also formed. Incorporation of TiO2 strongly affects the titanosilicate network connectivity, especially when its
addition is accompanied by a decrease of the CaO content. However, except for the thermal expansion coeffi-
cient, these silicate-network modifications seem to have no impact on the thermal and mechanical stability.
Instead, the compositional dependence of the thermal and mechanical properties on the TiO2 content stems from
its effect on the network energy and packing efficiency.

1. Introduction

Soda-lime silicate glasses are used in a wide range of applications,
e.g., windows, containers, display and cover glasses or in automotive
glazing. Their technical relevance originates from a unique set of
properties, most prominently transparency in the visible spectral range,
high hardness and chemical durability, a good forming ability (as the
basis for low-cost manufacture) and the possibility of recycling. The
high hardness of glassy materials is related to the nature and alignment
of bonds in the vitreous network. However, of the same origin is the
main drawback of glasses, their brittle fracture behavior [1]. Along
with low resistance against surface defects, the high brittleness tre-
mendously reduces the practical strength of commercially available
glass products. Therefore, various attempts have been made in the past
years to increase the defect resistance of silicate glasses, which are in
principle based on two different concepts: post-processing of the re-
sulting glass sheets by chemical [2–4] or thermal [1] strengthening, and
optimization of the chemical composition [1,5]. Recently, the latter

approach has received a renewed interest, as it has been demonstrated
that the mechanical performance of silicate glasses can be significantly
improved by a proper adjustment of the pre-existing components within
the glass network [6–10], or the implementation of additional network
former oxides, such as B2O3[11–16] and Al2O3[17,18].

In this regard, considerable attention has been paid to the relationship
between chemical composition and the properties of glasses, especially
towards the development of predictive tools. That is, modeling of glass
properties such as Young's modulus has historically been a key interest of
both industry and academia. First attempts in this field were made by
Winkelmann and Schott [19] who introduced empirical (linear) mixing
models. Although this approach clearly lacks a physical basis, is has been
adopted and further refined [20–22]. A semi-empirical approach for pre-
dicting the elastic properties of glasses was proposed by Makishima and
Mackenzie [23]. In their model, the Young's modulus is estimated from the
volume density of bond energy in a glass network. Although this model
has been proven as a useful tool for describing the compositional depen-
dence of Young's modulus in a variety of simple silicate glasses [23–25], it
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fails in estimating the elastic properties of more complex glass networks
[17,26–28], since topological aspects of the short- and medium range
order are usually not considered. With this in mind, large effort was put
into the refinement of the Makishima and Mackenzie model. For example,
to account for the change from trigonal to tetragonal coordinated boron in
borate glasses upon the addition of network modifying oxides [23–25,29],
the influence of the double-bonded oxygen ions in phosphate glasses [24],
or the introduction of fluorine [26,27] and nitrogen into the glass network
[30,31]. However, the particular behavior of TiO2 bearing glasses is still
not fully understood [32–34]. Very recently, Scannell et al. [32] suggested
that the discrepancy between the predicted and experimentally obtained
results stems mainly from the complex bonding environment of Ti, i.e., the
occurrence of four-, five- and six-fold coordinated Ti atoms, which de-
pends not only on the TiO2 content, but also on the concentrations and
speciation of the other cations of the glass network.

In the past years, TiO2 has become an interesting component for
incorporation in silicate glasses. Some unique properties have been
generated in titania-containing silicate glasses, for example, almost zero
thermal expansion at room temperature in binary TiO2–SiO2 glasses
containing 7.5 wt% TiO2 (ULE, Corning code 7972) [35–37]. On a
larger scale, titania has been used in lead-free tableware and other
consumer glasses, which rely on its impact on optical properties, such
as Abbe number (optical dispersion) and refractive index [38–45].
However, only a limited number of studies on the influence of TiO2 on
the mechanical properties of silicate glasses exists and most of them are
focused on the binary Na2O–SiO2 glass system [24,32,45–50]. Little to
nothing has been reported about the effects of TiO2 in the technologi-
cally more relevant Na2O–CaO–SiO2 glass system [34,51,52].

On that account, the present report provides a comprehensive in-
sight into the effects of TiO2 additions on the structure of ternary soda-
lime silicate glasses and corresponding relations to thermal and me-
chanical properties. For this purpose, three series of
Na2O–CaO–TiO2–SiO2 glasses with increasing amounts of TiO2 and
different Na2O:CaO:SiO2 molar ratios were prepared and analyzed with
respect to their glass transition temperature, thermal expansion coef-
ficient, elastic-plastic deformation, defect resistance, and brittleness
using differential scanning calorimetry (DSC), ultrasonic echography,

nano- and micro-indentation. By correlating these results with struc-
tural information derived from Raman and magic-angle spinning (MAS)
29Si Nuclear Magnetic Resonance (NMR) spectroscopic analyses, we
describe the compositional dependence of the thermal and mechanical
properties within this complex glass system.

2. Materials and methods

2.1. Glass preparation and compositional analysis

Starting from the ternary Na2O–CaO–SiO2 system, three glass series
with increasing amounts of TiO2 were prepared using the raw materials
and procedure given in detail in Ref. [38]. Precursors of silica sand
(MAM1S) and reagent grade NaNO3, Na2CO3, CaCO3, and TiO2 were
melted in Pt/Rh10 crucibles at 1450 °C for 18 h, followed by a homo-
genization for 1 h at the same temperature and a conditioning step of
2 h at 1500 °C. The homogenization consisted of stirring the melts with
a Pt/Rh10 flag at 8 rpm (about 48–50 Nm). At the employed melting
temperature, we did not visually observe any platinum or rhodium
dissolution in the glasses, which otherwise would generate a char-
acteristic violet-brownish coloration. The melts were poured into non-
tempered stainless steel molds and then annealed for 1 h at tempera-
tures of 550–580 °C, depending on the respective composition, before
the melts were cooled, first to temperatures between 400 and 430 °C at
a rate of 0.5 °C/min, followed by a more rapid cooling of approximately
2 °C/min to room temperature.

The chemical compositions of the as-prepared glasses were analyzed
by means of laser ablation inductively coupled plasma mass spectro-
metry (LA-ICP-MS), without an internal standard. The laser ablation
was conducted with a LSX-213 G2+ unit (Teledyne CETAC
Technologies Inc.). For analysis, an X-series II ICP-MS (Thermo Fischer
Scientific Inc.) was employed. The measured chemical compositions
were averaged over five independent analyses per sample, with the
standard deviations representing the uncertainty of this method being
≤0.3 mol% for Na2O, ≤0.3 mol% for CaO, ≤0.2 mol% for TiO2, and
≤1.3 mol% for SiO2. The normalized glass compositions are given in
Table 1.

Table 1
Normalized glass compositions (in mol%) as analyzed by LA-ICP-MS and theoretical considerations on the silicate network connectivity NBO

Si a, atomic packing density Cg and volume
density of bonding energy<U0/V0> of the Na2O–CaO–TiO2–SiO2 glasses. The values of<U0/V0> and Cg were estimated according to the model of Makishima and Mackenzie [23]
using Eqs. (1) and (2). The density ρ was evaluated via the Archimedes' principle in distilled water.

Sample Na2O CaO SiO2 TiO2 N (A)BO
Si =N N (B)BO BO

Si N (C)BO
Si ρ (g/cm3) Cg <U0/V0> (kJ/cm3)

Series 1
1.1 15.0 11.2 73.9 0.0 3.29 3.29 3.29 2.514 0.499 68.0
1.2 14.8 9.8 73.9 1.4 3.33 3.35 3.26 2.503 0.497 67.6
1.3 15.6 5.5 75.6 3.4 3.44 3.47 3.27 2.478 0.494 66.9
1.4 15.6 0.6 78.3 5.5 3.59 3.61 3.30 2.443 0.490 66.4

Series 2
2.2 14.6 14.0 69.8 1.7 3.18 3.20 3.08 2.560 0.499 67.7
2.3 14.6 14.0 68.3 3.0 3.16 3.20 2.99 2.566 0.502 68.4
2.4 15.0 13.3 67.0 4.7 3.15 3.21 2.87 2.594 0.505 69.4
2.5 15.0 13.2 65.8 6.0 3.14 3.21 2.78 2.605 0.505 69.5
2.6 15.1 13.9 62.8 8.2 3.08 3.18 2.55 2.638 0.507 69.9
2.7 15.0 13.8 61.3 9.9 3.06 3.19 2.42 2.661 0.509 70.5

Series 3
3.2 14.5 12.1 71.6 1.8 3.26 3.27 3.15 2.519 0.497 67.5
3.3 15.0 10.1 71.5 3.4 3.30 3.33 3.11 2.520 0.495 67.1
3.4 15.4 7.3 72.3 5.1 3.37 3.41 3.09 2.526 0.497 67.6
3.5 15.7 5.1 71.9 7.3 3.42 3.48 3.02 2.525 0.497 67.8
3.6 16.3 2.5 71.6 9.7 3.48 3.54 2.94 2.535 0.500 68.8
3.7 16.3 0.4 71.3 12.0 3.53 3.60 2.86 2.535 0.497 68.4

Uncertainty ± 0.3 ± 0.3 ± 1.3 ± 0.2 ± 0.03 ± 0.03 ± 0.03 ± 0.2% – –

a NBO
Si was calculated from the analyzed glass compositions with each of the following assumptions (see Section 3.1.2): Ti solely present as TiO4 groups and all NBO at the SiO4

tetrahedra (scenario A); Ti solely as TiO4 and NBO evenly distributed among SiO4/TiO4 (scenario B); Ti exclusively acting as a network modifier (scenario C). Scenario A agrees overall
best with the 29Si NMR data, thereby offering the best description of the silicate network connectivity [53]. However, the most relevant parameter to compare with trends in physical
properties is the connectivity of the titanosilicate network, which corresponds to the number of BO atoms per network-forming (Si4+ and Ti4+) cation [53]: NBO = 2[4–nO/(nSi + nTi)],
where nE is the stoichiometric coefficient for element E. Note that the values of N Nare equal to those for (B)BO BO

Si .
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In series 1, CaO was substituted for TiO2 and minor amounts of
SiO2. In series 2, SiO2 was gradually replaced for TiO2, whereas in series
3, CaO was reduced at the expense of TiO2 but in contrast to series 1,
the SiO2 content remained unchanged (Table 1). Noteworthy, the Na2O
content in all three glass series studied changes only within a narrow
range of 14.5–16.3 mol%. Therefore, the Na2O–CaO–TiO2–SiO2 qua-
ternary is transformed into a ternary [Na2O + CaO]–TiO2–SiO2 glass
system, as illustrated in Fig. 1. This simplification enables a more
comprehensive analysis of the structural modifications upon the var-
iation of the CaO, TiO2 and SiO2 content.

2.2. Atomic packing density and bonding energy

The atomic packing density Cg is defined as the theoretical molar
volume occupied by the ions divided by the effective molar volume of
the glass [23]:

=
∑
∑

C ρ
f V
f Mg

i i

i i (1)

where Vi = 4/3πN(xrA3 + yrB3) represents the molar volume of an
oxide AxBy with the molar fraction fi and molar mass Mi. The symbol N
denotes the Avogadro constant and rA as well as rB are the radii of the
corresponding cations and oxygen (rO = 135 pm), respectively, as ta-
bulated in Ref. [54]. With respect to the current series of quaternary
Na2O–CaO–TiO2–SiO2 glasses, the values of Cg were calculated as-
suming a prevalent tetrahedral coordination for Si4+ (rSi = 26 pm) and
Ti4+ (rTi = 42 pm, see Section 3.1 and 3.2 for details) and an octahe-
dral coordination for Ca2+ (rCa = 100 pm) [55,56] and for Na+

(rNa = 102 pm) [56–58]. The density ρ was determined via Archimedes'
principle (ASTM C693-93) using distilled water as the immersion li-
quid.

The volume density of bonding energy<U0/V0> of a multi-com-
ponent glass is estimated using the following Eq. [59]:

=
∑
∑

U
V

f H
f M ρ

Δi ai

i i i

0

0 (2)

where ρi and ΔHai are the density and molar dissociation enthalpy, re-
spectively, of each constituent inside the glass. The values of ΔHai were
calculated from the molar heats of formation ΔHf of the corresponding
oxides AxBy in their crystalline state and the respective atoms in their
gaseous state, according to Eq. (3)[24]:

= + −H x H A y H B H A BΔ Δ ( , gas) Δ ( , gas) Δ ( , crystal)ai f f f x y (3)

using the values of ΔHf from Ref. [60].

2.3. Thermal analysis

The glass transition temperature Tg was determined by DSC using a
NETZSCH STA 449 F1 Jupiter (NETZSCH-Gerätebau GmbH). The
samples were mounted in Pt/10Rh crucibles and heated up to 700 °C at
a rate of 20 °C/min in N2 atmosphere. The uncertainty of the mea-
surements was estimated to be± 2 °C based on the precision specifi-
cations given by the manufacturer of the instrument. The thermal ex-
pansion coefficient α was analyzed by means of a NETSCH DIL 402 EP
dilatometer (NETZSCH-Gerätebau GmbH) using fused silica as the
sample holder and platinum as the reference material. Here, measure-
ments were conducted in air atmosphere at a heating rate of 4 °C/min
and the values of α were cumulated across the interval of 25–300 °C.
The error of the measurements was estimated to be± 0.1·10−6/K
based on the standard deviation of 27 calibration measurements of a
reference glass.

2.4. Mechanical testing

Elastic constants were determined by ultrasonic echography on co-
planar, optically polished glass plates with thickness d ~ 2–3 mm. An
echometer 1077 (Karl Deutsch GmbH& Co KG), equipped with a pie-
zoelectric transducer (f = 8–12 MHz) was applied to record the long-
itudinal tL and transversal tT sound wave propagation times with an
accuracy of± 1 ns. The longitudinal, cL = 2d/tL, and transversal wave
velocities, cT = 2d/tT, were calculated from the exact thickness of the
glass specimen, which was measured with an accuracy of± 2 μm using
a micrometer screw, and the time separating two consecutive echoes.
On that basis, the shear G, bulk K and Young's modulus E as well as the
Poisson ratio ν were calculated according to Eqs. (4)–(7)[61]:

=G ρcT
2 (4)

= ⎛
⎝

− ⎞
⎠

K ρ c c4
3L T

2 2
(5)

= ⎡
⎣⎢

−
−

⎤
⎦⎥

E ρ
c c

c c
3 4

( ) 1
L T

L T

2 2

2 (6)

=
−

−
ν

c c
c c

2
2( )

L T

L T

2 2

2 2 (7)

Young's modulus and hardness H were investigated through in-
strumented indentation testing using a nanoindenter G200 (Agilent
Inc.) on co-planar, optically polished glass specimen. For each glass
sample, at least 15 indents with a maximum depth of 2 μmwere created
at a constant strain-rate ε ̇ of 0.05 s−1. Meanwhile, the values of E and H
were recorded as a function of the indenter displacement by applying a
weak oscillation (Δh= 2 nm, f= 45 Hz) to the three-sided Berkovich
diamond tip used [62]. The tip area function and the instrument's frame
compliance were calibrated prior to the measurements on a fused silica
reference glass sample (Corning code 7980, Corning Inc.) following the
procedure proposed by Oliver and Pharr [63].

A nanoindentation strain-rate jump test, as described in detail in
Ref. [62], was performed to study the indentation creep behavior. In
this test, the indenter tip initially penetrates the glass surface to a depth
of 500 nm at a constant strain-rate of 0.05 s−1. During the further pe-
netration the strain-rate is changed in intervals of 250 nm and the
corresponding change in the hardness is determined with the CSM
equipment (Δh = 5 nm, f = 45 Hz). Ten strain-rate jump tests with
strain-rates of 0.05, 0.007 and 0.001 s−1 were performed on each glass
specimen and the strain-rate sensitivity m was derived from the slope of
the logarithmic plot of the hardness versus the indentation strain-rate
εi̇[64,65]:

= ∂
∂

m lnH
ln εi̇ (8)

Fig. 1. Compositions of the quaternary Na2O–CaO–TiO2–SiO2 glasses investigated in the
present study (series 1: squares, series 2: triangles, series 3: circles). The numbers denote
the Na2O molar fraction of each glass composition analyzed according to Ref. [38].
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with =ε ε˙ ˙ 2i for materials with a depth-independent hardness [66].
A Duramin-1 microhardness tester (Struers GmbH) was used to

determine the Vickers hardness HV. On each glass specimen, 15 indents
with a maximum load of P = 981 mN (100 g) were generated, with a
loading duration of 15 s and 10 s dwell-time at maximum load. The
residual Vickers hardness imprints were analyzed using an AxioLab A1
optical microscope (Carl Zeiss Microscopy GmbH) and the values of HV

were calculated according to Eq. (9):

= = ≈
°

H P
A

sin P
d

P
d

2 (136 2) 1.8544V 2 2 (9)

where d stands for the length of the projected indentation diagonals.
A Vickers indentation test, as proposed by Anstis et al. [67], was

used to estimate the indentation fracture toughness Kc:

⎜ ⎟= ⎛
⎝

⎞
⎠

K E
H

P
c

0.016 ,c
V

1 2

3 2 (10)

In the above equation, c denotes the length of a half-penny shaped
median-radial crack with c/a > 2.5, where the parameter a is equal to
one half of the indentation diagonals. For statistical relevance, at least
25 indents with loads of 19.62 N (2 kg) were generated on each glass
specimen. Following this, the empirical brittleness parameter B, which
reflects the interplay between plastic deformation, HV, and fracture, Kc,
was derived by means of Eq. (11)[68].

=B H
K

V

c (11)

The crack resistance CR was analyzed through Vickers indentation
testing, according to Kato et al. [69]. Indents with stepwise increasing
loads, ranging from 98.1 mN (≡ 10 g) to 9.81 N (≡ 1 kg), were created
and the number of median-radial cracks emanating from the corners of
the residual Vickers hardness imprints were counted. In total, 25 in-
dents were performed per load. On that basis, the probability of crack
initiation PCI, which is defined as the number of corners with cracks
divided by the total number of corners, was calculated and plotted
against the applied load. The experimental results were fitted to a sig-
moidal function and the crack resistance CR was derived from the load
at which on average two radial cracks (PCI= 50%) appeared.

2.5. Raman spectroscopy

Raman spectra were collected from co-planar, optically polished
glass specimen with an inVia dispersive confocal Raman Microscope
(Renishaw plc.). All spectra were recorded for wavenumbers ranging
from 100 to 2000 cm−1 at step widths of 2 cm−1 using the 514.5 nm
laser excitation line. For every glass specimen three scans were col-
lected and accumulated, with a 10 s exposure time for each in-
dependent scan. All spectra were first corrected regarding the frequency
and temperature following the procedure of McMillian et al. [70]. The
bands were then deconvoluted using Fityk [71]. Referring to the

Na2O–CaO–SiO2 base glass, individual peaks were fitted at 340, 460,
490, 540, 600, 630, 800, 950, 1080 and 1100 cm−1 as presented in
Fig. 2, while in the TiO2 containing glasses additional peaks appeared at
720, 840, 900 and 980 cm−1.

2.6. Solid-state 29Si NMR spectroscopy

All 29Si MAS NMR data were acquired at 9.4 T with a Bruker
Avance-III spectrometer (Bruker BioSpin Inc.) operating at a 29Si
Larmor frequency of 79.47 MHz. Glass powders were packed in 7 mm
zirconia rotors and spun at 7.00 kHz. The NMR acquisitions utilized a
direct “single-pulse” excitation with flip angles of 70° at a radio-fre-
quency nutation frequency of 55 kHz, and 2500 s relaxation delays.
Depending on the Si content of the glass, 108–144 signal transients
were accumulated for each specimen. On the basis of the slow 29Si spin-
lattice relaxation encountered in all glasses, the presence of non-neg-
ligible (> 0.2 at.%) paramagnetic Ti3+ species may be excluded. No
signal apodization was employed in the data processing. Chemical shifts
are quoted relative to neat tetramethylsilane (TMS).

3. Results and discussion

3.1. 29Si MAS NMR spectroscopy

3.1.1. Structural role of Ti
Solid-state 29Si NMR spectroscopy was employed for qualitatively

probing the speciations of bridging oxygen (BO) atoms and non-brid-
ging oxygen (NBO) ions around Si for glasses with variable TiO2 con-
tents. Fig. 3 displays the 29Si MAS NMR spectra recorded from a se-
lection of Na2O–CaO–TiO2–SiO2 glasses with increasing TiO2 content
from top to bottom. As expected, all spectra only reveal signals from
tetrahedrally coordinated 29Si species, where Qn onwards denotes a
SiO4 tetrahedron with n BO atoms (and 4−n NBO ions) [72]. We first
consider the results for the Na2O–CaO–SiO2 base glass, which reveals
two resonances, involving a major signal centered around −92 ppm
and a minor one around −105 ppm that stem from Q3 and Q4 silicate
groups, respectively. The average chemical shifts and widths of these
peaks are typical for Na2O–CaO–SiO2 glasses [72–75], whereas the
relative peak intensities are consistent with a mean number of BO
species per Si4+ cation of NBO

Si = 2(4–nO/nSi) = 3.29, as calculated
from the stoichiometric coefficients of O (nO) and Si (nSi) obtained from
the analyzed glass composition of Table 1 and the procedure of Ref.
[53]. Note that in the literature, the parameter NBO

Si —i.e., the average
number of BO atoms per SiO4 tetrahedron in the glass network—is often
referred to as the silicate network connectivity; see Refs. [53,72,75] for
additional information.

As TiO2 is introduced in the glass structure, no significant changes
occur in the NMR peak position from the Q3 or Q4 species (except for
the Ti-richest glasses discussed below). The relative peak intensities,
and hence the fractional Q3 and Q4 populations, merely redistribute

Fig. 2. Deconvoluted Raman spectrum of the Na2O–CaO–SiO2 base
glass investigated in the present study. The black dots display the
corrected spectrum, the blue lines show the individual fitted peaks
and the red line represents the sum of all fitted peaks. (For inter-
pretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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when the TiO2 content of the glass is increased. When SiO2 is replaced
by TiO2 (Fig. 3; series 2), the silicate network depolymerizes slightly, as
mirrored in a reduced NMR peak intensity from the Q4 groups, ac-
companied by a progressively increased center-of-gravity chemical
shift, δCG. In contrast, the reverse scenario of an increased silicate-
network polymerization stemming from a concurrent growth of the Q4

population occurs when CaO is replaced either by TiO2 (Fig. 3; series 3)
or a combination of TiO2 and SiO2 (Fig. 3; series 1).

The trends observed in the 29Si NMR spectra from glasses with low
or moderate TiO2 contents are most consistent with the Ti4+ cations
primarily entering the glass structure as fully polymerized TiO4/2 tet-
rahedra (i.e., as Q4 moieties) [76–79], where they may either replace Si
via Si–O–Ti bridges (scenario I), aggregate in clusters or form a separate
phase (scenario II) [76,78,79], or a combination of both [77]. This may

be understood as follows: if a majority of the Ti ensemble would be
interlinked with Si, then Ti must predominantly be present as TiO4

groups (i.e., scenario I applies), owing to the insignificant changes of
the 29Si chemical shift expected for a 29Si–O–Si → 29Si–O–Ti[4] bond
replacement and its accompanying negligible alteration of the O charge
[80]. A similar situation applies for Si → B[3] substitutions (as opposed
to Si → B[4]) in borosilicate glasses [81,82]. On the other hand, the
effective charge of O alters for any 29Si–O–Si → 29Si–O–Ti[p] conver-
sion with p = {5, 6}; hence, a significant chemical-shift increase of
6–9 ppm is then anticipated, as observed previously in 29Si NMR spectra
from crystalline titanosilicates [80,83]. Consequently, the introduction
of even minor amounts (< 5 mol%) of TiO2 in a silicate glass is ex-
pected to markedly deteriorate its 29Si NMR spectral resolution when
either Si–O–Ti[5] or Si–O–Ti[6] bonds are formed. This is in stark
contrast with the gross trends in Fig. 3, which are readily reconciled
with variations of the relative BO/NBO amounts at the SiO4 groups
when the TiO2 content of the glass grows: these effects are responsible
for the observed decrease and increase of the NMR-peak intensity from
Q4 moieties in glass series 2 and 3, respectively.

Yet, the 29Si NMR spectra of the Ti-richest Na2O–CaO–TiO2–SiO2

glass specimens (3.6 and 3.7) manifest unresolved resonances from the
Q3 and Q4 groups (see Fig. 3). This is most evident when comparing the
results between the 1.4 (5.5 mol% TiO2) and 3.7 (12.0 mol% TiO2)
specimens that should reveal very similar NMR spectra with nearly
equal contributions from the Q3 and Q4 groups (see Table 1 and Section
3.1.2). Ti-free sodium silicate glasses are known to provide resolved
NMR signals among the various Qn groups [72], i.e., as indeed also
observed for the 1.4 glass comprising 5.5 mol% TiO2, whose structure is
dominated by Ti[4] coordinations. In contrast, the poor NMR signal
discrimination from the Ti-richer glass is attributed to the deshielding
effects associated with a significant Si–O–Ti[5] bond formation [80,83].
Another potential explanation for the distinct NMR responses is the
presence of distinct (average) numbers of Na+ and Ca2+ cations in the
second coordination sphere of Si in the 1.4 and 3.7 glass structures
[76–79]. However, this possibility is precluded by the minute CaO
contents in both glasses that effectively make them members of the
ternary Na2O–TiO2–SiO2 system (see Table 1). Hence, we conclude that
Si–O–Ti[5] bonds are responsible for the NMR peak-broadening ob-
served in Fig. 3 for the Na2O–CaO–TiO2–SiO2 glass with 12.0 mol%
TiO2 (specimen 3.7), and to a lesser extent also for 3.6 that comprises
9.7 mol% TiO2.

While the precise coordination numbers of Ti4+ species present in
modified silicate glasses is still under debate [84–87], the herein ad-
vocated structural role of Ti4+ supports the suggestions of Henderson
and Fleet [85] of a dominance of TiO4 tetrahedra in M(2)O–TiO2–SiO2

glasses with low or moderate TiO2 contents up to around 10 mol%.
TiO5 polyhedra form when the amount of TiO2 is increased further, and
they dominate the Ti4+ speciation at high TiO2 contents (> 15 mol%)
[85,88].

3.1.2. NBO partitioning among Si and Ti
Here we discuss the constraints on the NBO distribution among the Si

and Ti species available from 29Si NMR. Table 1 lists the predicted NBO
Si

value of each glass, as obtained from its respective composition by the
split network procedure of Ref. [53] (using Eqs. (13)–(18) therein) and
assuming different NBO partitioning scenarios among Si and Ti. We
stress that since the NMR data itself do not admit the extraction of the
quantitative BO/NBO partitioning, we only consider categorical/lim-
iting scenarios, for which the gross trends of the calculated NBO

Si values
may be evaluated qualitatively against the experimental constraints.
Scenario A, which we promote as the closest description of the
Na2O–CaO–TiO2–SiO2 glass structures that incorporate up to ~9 mol%
TiO2, involves a titanosilicate network of interconnected SiO4 and TiO4/

2 tetrahedra (that possibly co-exist with a separate network of TiO4/2

groups), with all NBO species located at the SiO4 groups and the Na+

and Ca2+ cations assuming their usual role of glass network modifiers.

Fig. 3. 29Si MAS NMR spectra of selected Na2O–CaO–TiO2–SiO2 glasses. The number at
each rightmost spectral portion represents the center-of-gravity 29Si chemical shift δCG,
while the dotted lines indicate the approximate peak maxima of the resonances from Q3

and Q4 SiO4 groups.
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Fully consistent with the qualitative 29Si NMR trends of Fig. 3, the
predicted silicate network connectivity increases from NBO

Si = 3.26 to
NBO

Si = 3.53 for the glasses of series 3 when their TiO2 content is in-
creased up to 12.0 mol%, whereas glass series 2 manifests the reverse
trend, where NBO

Si is reduced (slightly) from 3.18 to 3.06. Note that
glasses with TiO2 contents above around 9 mol% involve an unknown
but non-negligible contribution of TiO5 groups.

Notwithstanding that the relative peak intensities from the Q3 and
Q4 moieties constrain the number of permissible Ti–NBO contacts,
owing to the overall low Ti content of each glass (i.e., low nTi/nSi molar
ratio), an even NBO-partitioning among Si and Ti (scenario B;Table 1)
cannot be excluded. However, a scenario “C” of Ti acting solely as a
network modifier (i.e., as the electropositive Na+ and Ca2+ species)
may safely be excluded from the resulting NBO

Si data listed in Table 1,
because this case predicts a decreased silicate network polymerization,
in contradiction with the experimental observations for glass series 3;
see Fig. 3. Moreover, the members of series 2 would manifest low sili-
cate network connectivities (NBO

Si < 3) that require significant con-
tributions from Q2 (or Q1) moieties, which is clearly inconsistent with
the negligible 29Si resonance-intensity observed in the spectral region
of< 84 ppm that is expected from such structural groups [72,73,75].
We conclude that the Ti species do not markedly perturb the network
connectivity, meaning that a Ti-bearing glass manifests a similar NBO

Si

value as its Na2O–CaO–SiO2 analog.
We comment that the TiO5 and TiO6 polyhedra most likely assume a

similar structural role as their AlO5 and AlO6 counterparts in alumi-
nosilicate glasses, which reveal a strong propensity for Al[5]–BO (as
opposed to Al[5]–NBO) contacts [89,90]. Consequently, we avoid using
the “network modifier” term for such moieties, because the relatively
strong Al–O (and Ti–O) bonds and their accompanying cross-linking of
distinct glass-network fragments strengthen the structure rather than
weakening it. Indeed, as recently demonstrated for rare-earth based
aluminosilicate glasses, there is a strong correlation between the Al
average coordination number and the glass microhardness [89,91].

Whereas the 29Si NMR spectra of the Ti-richest glasses (specimens
3.6 and 3.7) suggest some Si–O–Ti[5] bonds in their networks, a sole
presence of TiO5 species is less likely, because the associated calculated
NBO

Si value appears rather high (NBO
Si = 3.7) to be consistent with the

experimental data of Fig. 3. Yet, this case cannot unambiguously be
ruled out, because a part of the NMR signal intensity in the spectral
region that we attribute to Q3 groups in the Ti-poor structures may in
fact correspond to Q4 groups with Si–O–Ti[5] bonds in the Ti-rich
counterparts (see Section 3.1.1). Nonetheless, structural scenarios of
predominantly TiO5 polyhedra with (on the average) at least one NBO
ion per polyhedron in the 3.7 structure—as well as any scenario of
solely TiO6 species, regardless of their average number of NBO—are
safely precluded from the associated (unreasonably) high silicate net-
work connectivities of NBO

Si ≥ 3.9 (data not shown).
In summary, our 29Si MAS NMR data are most consistent with a

majority of the Ti ensemble entering a titanosilicate network with Ti[4]

coordinations dominating throughout, except for the Ti-richest glasses
with> 9 mol% TiO2, for which a non-negligible fraction of TiO5

polyhedra may coexist with the TiO4 species. Yet, the invariance of the
29Si chemical shifts for 29Si–O–Si→ 29Si–O–Ti[4] bond substitutions
implies that 29Si NMR spectroscopy cannot exclude that most Ti sites
are present in clusters or a separate phase that is isolated from the si-
licate network: this ambiguity applies notably for the glasses of low Ti
contents for which we propose a dominance of Ti[4] coordinations.

3.2. Raman spectroscopy

The further structural analysis of the Na2O–CaO–TiO2–SiO2 glasses
was conducted by Raman spectroscopy. Spectra from glasses of the
three different series are presented in Fig. 4. Regarding the
Na2O–CaO–SiO2 base glass (1.1) first, a broad band at around
1100 cm−1 exists in the high-frequency range, which has previously

been assigned to Si–O– stretching vibrations in Q3 groups [77]. How-
ever, this peak obviously exhibits a non-Gaussian shape, see spectra in
Fig. 4, indicating an overlapping of more than one band. In a former
study, Mysen and Neville [77] proposed a deconvolution into three
individual bands centered at around 1150, 1100 and 1050 cm−1, which
correspond to Si–O stretching vibrations in fully polymerized SiO4 tet-
rahedral units, Si–O– stretching vibrations of Q3 groups and Si–O
stretching vibrations of BO in SiO4 tetrahedral units of at least one NBO,
respectively. If the 1150 cm−1 peak would be related to the population
of Q4 units, an increasing intensity with decreasing network modifier
concentration would be expected. Instead, a strong intensity increase is
visible only on the left side of the 1100 cm−1 peak in series 2, where
TiO2 is increased at the expense of SiO2, while little to no changes in the
peak intensities occur when the CaO content is decreased for either
TiO2 (series 3) or a combination of TiO2 and small amounts of SiO2

(series 1).
We therefore suggest to deconvolute the peak at around 1100 cm−1

into two separate bands, a broader one located at 1080 cm−1 and

Fig. 4. Raman spectra of the Na2O–CaO–TiO2–SiO2 glasses investigated in the present
study.
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second narrow one at 1100 cm−1. Interestingly, both the peak position
and intensity of the 1100 cm−1 peak are controlled predominantly by
the CaO content, rather than by the total amount of TiO2. That is, shifts
to higher wavenumbers occur when CaO is substituted by TiO2 (series
3) or a combination of TiO2 and small amounts of SiO2 (series 1), while
the progressive replacement of SiO2 by TiO2 (series 2) has only small
impact. Meanwhile, the intensity of the 1100 cm−1 band rapidly di-
minishes when the CaO content is reduced at the expense of TiO2 and/
or SiO2 (series 1 and 3), which implies that a decrease in the total
number of NBOs inside the glass network has a strong effect on the
population of this band.

Slightly different trends are visible for the neighboring band at
1080 cm−1. When the TiO2 content is increased a much larger peak
shift to lower wavenumbers is observed. The magnitude of this effect
strongly depends on the respective glass series, with the highest shift
determined for series 2 and the lowest one for series 1. Similar peak
shifts have also been reported by Mysen et al. [77] or Osipov et al. [86],
though for bands in the 1100 cm−1 region, and were related to a partial
substitution of tetrahedrally coordinated Si[4] atoms by Ti[4] atoms of
the same coordination. As SiO2 is replaced by TiO2 (series 2), the in-
tensity of the 1080 cm−1 band increases considerably. A steady in-
crease in peak intensity is observed when CaO is substituted for either
TiO2 alone (series 3) or TiO2 and small amounts of SiO2 (series 1), in-
dicating that both bands located at around 1080 and 1100 cm−1 are
connected to the population of NBOs. We may speculate that a pro-
portion of the NBOs related to Q3 units are more rigid with a narrow
selection of rotation angles (i.e., the narrow band at 1100 cm−1). These
NBOs are most likely created by the Ca atoms inside the glass network,
whereas the presence of Na atoms results in more flexible NBO ions
(i.e., the broader band at 1080 cm−1) [92]. Likewise, the monotonic
shift of the 1080 cm−1 band to lower wavenumbers in series 2 origi-
nates from the replacement of the strong and rigid Si−O bonds by the
weaker and more flexible Ti−O bonds.

With the addition of TiO2, a new band at around 900 cm−1 de-
velops. This band has frequently been observed in TiO2 containing si-
licate glasses [76,77,85,86], but its correct assignment is still under
debate. Reynard and Webb [93] attributed the 900 cm−1 band to the
presence of titanyl bonds Ti=O in TiO5 polyhedra, while Mysen et al.
[77] discussed this band in terms of Ti−O bridging oxygen vibrations
associated with Ti atoms in tetrahedral coordination, but also Si−O−

stretching vibrations in Q1 units, have been supposed as its origin.
However, the peak intensity has been demonstrated to increase almost
linearly with the TiO2 content [76,85], which makes an assignment to
Q1 units unlikely. Moreover, the 29Si NMR data precludes the presence
of significant amounts of Q1 groups (see Section 3.1). The assignment to
titanyl oxygen vibrations, on the other hand, is well supported by
previous reports [93–95], although the population of TiO5 polyhedra
should be limited in glasses of low TiO2 concentrations up to around
10 mol%, as discussed in Section 3.1. With increasing TiO2 content at
the expense of CaO (series 1 and 3) the position of the 900 cm−1 peak
shifts to higher wavenumbers, but when TiO2 replaces SiO2 (series 2) a
shift to lower wavenumbers is observable. Henderson et al. [92] argued
that a more flexible network structure promotes the formation of TiO4

tetrahedra, whereas in rigid glass networks TiO2 is implemented mainly
in form of TiO5 polyhedra. Therefore, we would like to point out that
the band at around 900 cm−1 might be composed of two individual
bands representing different Ti coordinations, and hence the peak shift
to higher wavenumbers for lower amounts of CaO (series 1 and 3) and
decreasing SiO2 concentration (series 2) should rather be interpreted in
terms of changes in their relative intensities as a result of different
populations of TiO4 tetrahedra and TiO5 polyhedra.

Additionally, in the Na2O–CaO–SiO2 base glass, a band centered at
950 cm−1 is observed, which has previously been assigned to Si–O–

stretching vibrations in Q2 units [77,85]. With the addition of even
small amounts of TiO2, this band immediately disappears and is re-
placed by a new band at 980 cm−1. The position of the 980 cm−1 band

is almost independent on compositional variations, except for a slight
shift to lower wavenumbers for the two compositions of the highest
TiO2 concentrations in series 3. In the past years, the 980 cm−1 band
has been described by either Si–O– stretching vibrations of Q2 units
[77,86] or Ti–O–Si antisymmetric bridging oxygen vibrations [96].
However, the insensitivity of the peak position on the composition
disproves an assignment to Q2 units, at least for the current series of
Na2O–CaO–TiO2–SiO2 glasses. Instead, the positive correlation between
the peak intensity and the TiO2 content supports the argumentation of
Ti–O–Si antisymmetric bridging oxygen vibrations. For the latter case,
the peak shift for large amounts of TiO2 in the third glass series may
correspond to the formation of TiO5 polyhedra, as mentioned above.

In the mid-frequency range three bands at 720, 800, and 840 cm−1

exist and all of them increase in intensity almost linearly with in-
creasing TiO2 concentration. The band at 800 cm−1 occurs in all glasses
studied, while the band at 720 cm−1 appears at around 3–5 mol% TiO2

and the band at 840 cm−1 forms at slightly higher TiO2 concentration
of around 5–7 mol%. Inoue et al. [78] and Osipov et al. [86] related the
band at 720 cm−1 to the presence of TiO6 octahedra. On the contrary,
Reynard and Webb [93] associated this band to Si–O–Ti and Si–O–Si
bridging oxygen vibrations in both Q2 and Q3 units. However, the latter
argumentation would imply a decrease of the peak intensity when CaO
is progressively replaced by TiO2 (series 3), rather than its continuous
increase. In this regard, Scannell et al. [97] suggested that the
720 cm−1 most likely arises from Ti–O bridging oxygen vibrations of
fully polymerized TiO4 tetrahedra units. Owing to the low intensity of
this signal, as well as also of the two other bands at 800 and 840 cm−1

relative to the neighboring bands in the low- and high-frequency re-
gions, fits of the peak positions show a significant scatter. Nonetheless,
the latter two bands at 800 and 840 cm−1 seem to shift to higher wa-
venumbers at very low CaO concentrations (series 1 and 3), while there
is only little response to even large variations of the SiO2 content (series
2). The strong increase of the peak intensities upon TiO2 implementa-
tion, in particular the band at 840 cm−1, supports its previous assign-
ment to Ti−O symmetric stretching vibrations of TiO4 tetrahedra [85]
or TiO5 polyhedra [85,86].

The band at 630 cm−1 is located in-between the low- and mid-fre-
quency region of the Raman spectra. Its intensity exhibits a negative
correlation with the SiO2 content (series 1 and 2), but modifications in
the peak position are not clearly distinguishable. This band is most
likely part of the low-frequency bridging oxygen vibrations [98]. It
possibly originates from the formation of different local structures of
smaller bond angles when TiO2 is introduced into the glass network.

The low-frequency region is composed of several broad overlapping
bands, located at 340, 460, 490, 540 and 600 cm−1. The two small
bands at 490 and 600 cm−1 are known as the defect bands D1 and D2

and correspond to oxygen breathing vibrations in four- and three-
membered silica rings, respectively [14,15]. The D1 band at 490 cm−1

shifts to lower wavenumbers as the CaO concentration is lowered
(series 1 and 3), while its intensity does not change consistently with
the glass composition. The position of the D2 band at 600 cm−1, on the
other hand, depends mainly on the SiO2 concentration, i.e., with in-
creasing SiO2 content (series 1 and 2) a shift to lower wavenumbers is
observable, while the substitution of CaO by TiO2 (series 3) has little to
no effect on the band position. The D2 band continuously diminishes in
intensity as the total amount of TiO2 is raised at the expense of SiO2

(series 2) or CaO (series 3) and then fades at above 6–7 mol% TiO2,
reflecting a reduced population of three-membered silica rings [86],
whereas in series 1, this phenomenon is counterbalanced by the parallel
increase of the SiO2 content with increasing TiO2 concentration and in
addition the overall lower TiO2 concentrations as compared to series 2
and 3.

The band at 540 cm−1 is related to delocalized Si–O–Si bridging
oxygen vibrations [99]. It is increasing in intensity and shifting to
higher wavenumbers as the SiO2 gets reduced (series 1 and 2). A minor
shift to lower wavenumbers is also visible when CaO is exchanged with
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TiO2 (series 3), whereas the intensity remains almost the same.
Finally, two broad bands at 340 and 460 cm−1 occur in all spectra.

The latter band has also been noticed in ternary soda-lime silicate
glasses and corresponds to symmetric Si–O–Si bridging oxygen vibra-
tions [97]. Its intensity monotonically increases with increasing TiO2

content, indicating either an increased population of Si–O–Si bonds or
their progressive substitution by Si–O–Ti bonds. The band at 340 cm–1

has tentatively been described by Ti–O antisymmetric bending vibra-
tions in TiO6 octahedra [100]. Similar to the neighboring band at
460 cm−1, the intensity of the 340 cm−1 band strongly increases with
increasing TiO2 content, while compositional variations seem to have
no influence on the peak position. It should be noted that this band
appears not only in the quaternary Na2O–CaO–TiO2–SiO2 glasses, but
also in the ternary Na2O–CaO–SiO2 base glass. Moreover, as discussed
in Section 3.1.2, the population of TiO6 octahedra is expected to be
negligible in our glasses, which makes the band assignment of Kusa-
biraki [100] questionable.

Based on our Raman spectroscopic data, we conclude that for low
TiO2 concentrations up to around 10 mol% the majority of Ti is tetra-
hedrally coordinated and occupies the positions of Si, leading to the
creation of a titanosilicate network of interconnected TiO4 and SiO4

tetrahedra. At higher TiO2 concentrations, TiO5 polyhedra may also
form. Apart from this, our results further indicate that the addition of
TiO2 at the expense of CaO (series 1 and 3) results in an increased
dimensionality of the glass network, whereas the partial substitution of
SiO2 by TiO2 (series 2) does not markedly influence the degree of
crosslinking.

3.3. Thermal and mechanical properties of quaternary
Na2O–CaO–TiO2–SiO2 glasses

The results of the thermal analysis by DSC and dilatometry are listed
in Table 2. The glass transition temperatures were derived from the
onset of the endothermic event in the corresponding DSC curves and the
corresponding values of Tg are plotted in a [Na2O + CaO]–TiO2–SiO2

ternary contour diagram in Fig. 5a. In series 1 (Fig. 5a; squares), where
CaO was reduced at the expense of TiO2 and minor amounts of SiO2, the
Tg of the ternary Na2O–CaO–SiO2 base glass continuously decreases

from 587 to 560 °C at 5.5 mol% TiO2. As opposed to this, when SiO2 is
substituted for TiO2 (Fig. 5a; triangles), Tg tend to increase from 586 to
610 °C at 9.9 mol% TiO2. The same observations were also made by
Takahashi et al. [47] and Scannell et al. [32] in the ternary
xNa2O–yTiO2–(100–x–y)SiO2 glass system, while no distinct variation
of Tg has been observed by Villegas et al. [42] in a series of ternary
40CaO–xTiO2–(60–x)SiO2 glasses, irrespective of the TiO2/SiO2 ratio.
Noticeably, the latter findings appear to be more compatible with the
scattering of Tg in series 3 of our quaternary Na2O–CaO–TiO2–SiO2

glasses (Fig. 5a; circles), where CaO was again exchanged with TiO2,
but unlike series 1 the SiO2 content was kept constant. At a first glance,
no clear trend can be deduced for the Tg of these glasses, i.e., with the
introduction of TiO2 the Tg fluctuates in a limited range of 579–587 °C,
except for the composition containing the highest amount of 12.0 mol%
TiO2, which exhibits a Tg of 598 °C.

Similar trends were detected for the thermal expansion coefficient.
In series 1 (Fig. 5b; squares) α of the Na2O–CaO–SiO2 base glass con-
tinuously decreases with the addition of up to 5.5 mol% TiO2 from 10.0
to 8.55·10−6/K. On the contrary, the partial replacement of SiO2 by
TiO2 in series 2 (Fig. 5b; triangles) results in a marginal increase of α up
to a maximum of 10.3 ∗ 10−6/K at 9.9 mol% TiO2. Referring to the
binary TiO2–SiO2 glass system, α is well-known to initially decrease for
low amounts of TiO2, with a narrow compositional region of almost
zero thermal expansion [101,102], and then to increase as the TiO2

concentration is further raised [37]. The origin of this unique behavior
is still under debate. Henderson et al. [92] suggested that the in-
troduction of low amounts of TiO2 initially breaks up the SiO2 glass
structure via the formation of TiO5 polyhedra. This mechanism subse-
quently allows additional TiO2 to be incorporated as TiO4 tetrahedral
units, which effectively stiffen the depolymerized glass network and as
a consequence, decreasing its thermal expansion. However, for an im-
plementation of large amounts of TiO2 the titanosilicate network has to
be further disrupted and hence the former benefits are reversed. Moving
to ternary glass systems, the effect of TiO2 on α becomes less obvious.
Takahashi et al. [47] determined a local minimum also in the thermal
expansion of xNa2O–yTiO2–(100–x–y)SiO2 glasses when SiO2 is gra-
dually replaced by TiO2 and the Na2O content is kept constant, while no
such minimum was noticed by Strimple and Giess [50] or Scannell et al.

Table 2
Thermal and mechanical properties of the investigated Na2O–CaO–TiO2–SiO2 glasses. The glass transition temperature Tg and thermal expansion coefficient α were analyzed via DSC and
dilatometry, respectively. The elastic constants, including the shear G, bulk K and Young's modulus E, as well as the Poisson ratio ν, were characterized by ultrasonic echography. The
Young's modulus, hardness H and strain-rate sensitivity m were investigated through instrumented indentation testing using a nanoindenter, while the Vickers hardness HV, indentation
fracture toughness Kc, brittleness B and crack resistance CR were studied by means of a microhardness tester.

Sample Tg

(°C)
α
(10−6/K)

G
(GPa)

K
(GPa)

E
(GPa)a

v E
(GPa)b

H
(GPa)

m HV

(GPa)
Kc

(MPa m1/2)
B
(μm−1/2)

CR
(N)

Series 1
1.1 587 10.0 30.1 45.0 73.8 0.227 77.3 6.92 0.0134 5.64 0.69 8.3 1.22
1.2 576 9.4 29.7 43.9 72.6 0.224 76.5 6.75 0.0182 5.37 0.71 7.6 1.55
1.3 568 8.8 29.6 41.9 71.9 0.214 74.4 6.49 0.0171 5.02 0.74 6.8 1.85
1.4 560 8.6 28.4 39.5 68.8 0.210 71.2 6.10 0.0209 4.84 0.75 6.5 2.24

Series 2
2.2 590 9.5 30.3 46.5 74.6 0.233 79.7 7.12 0.0147 5.67 0.68 8.4 0.98
2.3 594 9.8 30.7 47.4 75.7 0.234 81.4 7.31 0.0174 5.78 0.67 8.6 0.77
2.4 600 9.9 31.1 48.3 76.8 0.235 82.8 7.44 0.0173 5.88 0.65 9.2 0.74
2.5 604 10.0 31.6 49.1 78.0 0.235 83.3 7.62 0.0181 5.98 0.63 9.5 0.59
2.6 607 10.3 32.4 50.8 80.1 0.237 85.3 7.62 0.0178 6.10 0.63 9.8 0.63
2.7 610 10.3 32.8 52.1 81.3 0.240 87.2 7.73 0.0180 6.35 0.61 10.4 0.51

Series 3
3.2 579 9.7 30.0 45.1 73.8 0.228 77.9 6.91 0.0159 5.59 0.72 7.8 1.01
3.3 579 9.2 29.9 44.5 73.4 0.225 77.8 6.87 0.0180 5.59 0.71 7.9 1.17
3.4 585 9.1 30.1 44.4 73.6 0.224 78.5 6.92 0.0180 5.60 0.68 8.3 1.11
3.5 584 9.0 30.0 44.4 73.5 0.224 78.0 6.85 0.0186 5.57 0.68 8.2 1.10
3.6 587 8.9 30.0 44.7 73.6 0.226 77.8 6.72 0.0182 5.51 0.67 8.3 1.03
3.7 598 8.6 30.1 43.7 73.5 0.219 76.4 6.69 0.0196 5.48 0.67 8.2 1.03

Uncertainty ± 2 ± 0.1 ± 0.2 ± 0.8 ± 1.3 ± 0.006 ± 0.5 ± 0.06 – ± 0.15 ± 0.06 ± 0.6 –

a Values of E were determined by ultrasonic echography.
b Values of E were determined through nanoindentation.
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[97]. Instead, the thermal expansion of their xNa2O–yTiO2–(100–x–y)
SiO2 glasses remains almost unaffected even for large variations in the
TiO2/SiO2 ratio. On the other hand, substituting Na2O for TiO2 tre-
mendously lowers α[50]. Likewise, the substitution of CaO by TiO2 in
series 3 of the present work (Fig. 5b; circles) reduces α from 10.0.10−6/
K for the Na2O–CaO–SiO2 base glass to 8.6 ∗ 10−6/K for the quaternary
Na2O–CaO–TiO2–SiO2 glass containing the largest amount of TiO2

(12.0 mol%). This trend is explained as follows: With the addition of
TiO2 at the expense of CaO, the weak Ca−O interatomic bonds
(F = 0.36 Å−2) are replaced by Ti−O bonds (F= 1.28 Å−2) of notably
higher strength (as approximated by the field strength F, which is de-
fined as the charge z divided by the sum of the ionic radii squared
(rA + rB)2[103]). Besides, NBO is increased (see Table 1), leading to an
enhanced rigidity of the glass structure and the improved resistance
against a thermally induced contraction of the glass network [97]. The
same effects are also responsible for the reduction of α in series 1. In
contrast, the increase of α in series 2 stems mainly from the substitution
of the strong Si−O interatomic bonds (F = 1.28 Å−2) by weaker Ti−O
bonds (F= 1.54 Å−2) and to a minor extent from the minor reduction
of −NBO.

Regarding the compositional dependence of Tg, not only the average
strength of the interatomic bonds but also the bond density in the glass
network need to be taken into account. The combination of both
parameters reflects the volume density of bonding energy [59]. How-
ever, in this context we highlight the large discrepancy between the
average Ti4+ coordination environments in rutile (Ti[6][92]) and our
glasses (Ti[4], see Sections 3.1 and 3.2 for details), as well as the ac-
companied differences in the interatomic distances and angles, which
are not considered by this approach and may result in a significant
overestimation of the packing efficiency of the atoms in the glass. On
that account, it was recently proposed to modify Eq. (2) and esti-
mate<U0/V0> by means of the actual glass density rather than those
of the crystalline compounds [32,104], according to:

=
∑

∑
U
V

ρ
f H

f M
Δi ai

i i

0

0 (12)

The results of these calculations are summarized in Table 1 and
reveal the expected positive correlation between Tg and<U0/V0> for
series 1 and 2 of the quaternary Na2O–CaO–TiO2–SiO2 glasses under
investigation. Moreover, the invariance of<U0/V0> on the TiO2/CaO
ratio in series 3 provides a reasonable explanation for the observed
absence of any distinct compositional variation of the Tg of these
glasses.

The compositional dependence of selected mechanical properties,
including the Young's modulus and Poisson ratio as determined by ul-
trasonic echography, are visualized in Fig. 6a and b. For the
Na2O–CaO–SiO2 base glass, values of E= 73.8 GPa and ν= 0.227 were

obtained, which are in a good agreement with previous investigations
on equivalent glass compositions, i.e., E = 69.3–75.0 GPa
[10,13,51,105,106] and ν = 0.189–0.240 [7,13,51,105,106]. With the
addition of TiO2 both E and ν continuously decrease from E= 73.8 GPa
and ν= 0.227 to E= 68.8 GPa and ν = 0.210 at 5.5 mol% TiO2 in
series 1 (Fig. 6a and b; squares), while the elastic constants in series 2
(Fig. 6a and b; triangles) monotonically increase with the incorporation
of TiO2 up to E= 81.3 GPa and ν = 0.240 at 9.9 mol% TiO2. In series 3
(Fig. 6a and b; circles), E as well as ν are almost unaffected by the
replacement of CaO for TiO2 (E = 73.4–73.8 GPa, ν= 0.224–0.228),
except for a sudden drop of ν from 0.226 (9.7 mol% TiO2) to 0.219
(12.0 mol% TiO2) between the two compositions of the highest TiO2

concentrations. To explain these trends, we need to consider the dif-
ferent structural aspects that may influence the elastic properties of
glasses, i.e., the volume density of bonding energy (<U0/V0>) and
atomic packing density (Cg) in the short-range order and the topology
of the glass network in the medium-range order. In this regard, we
initially focus on the relationship between the elastic properties and the
network dimensionality. Note, that ν is nowadays widely applied as an
indicator for the degree of network polymerization in glasses, i.e., low
values of ν are accompanied by a high degree of crosslinking, while
high values of ν are usually found for strongly depolymerized glass
networks [32,59,62,104,107]. Indeed, in series 1 ν is reduced for in-
creasing NBO, whereas in series 2, ν grows while NBOis decreased
slightly (see Table 1). In series 3, on the other hand, the values of ν
remain almost constant despite a predicted increase of the titanosilicate
network polymerization, which clearly demonstrates the limitations of
this simplistic approach. Apart from the network dimensionality, the
Poisson ratio is strongly correlated with the atomic packing density
[25,59]. In agreement with Ref. [59], ν is directly related to Cg and in
contrast to the influence of NBO on ν discussed above, the invariance of
Cg in series 3 also reflects the negligible changes of ν upon the gradual
replacement of CaO by TiO2, demonstrating the dominant role of the
atomic packing efficiency on the elastic properties of our glasses. Ad-
ditional support for this conclusion is provided by the compositional
variation of E, e.g., although NBO (see Table 1) in series 2 is decreased
marginally upon the partial substitution of SiO2 by TiO2, E raises owing
to the increase of Cg, while in series 3 the values of E remain almost
constant, irrespective of the increase in network polymerization (see
Table 1), because of the insignificant differences of Cg. However, it
should be noted that the effect of Cg in series 1 and 2 is superimposed
by the parallel decrease (or increase) of<U0/V0> , which also con-
tributes to the herein observed trends of E.

The further evaluation of the mechanical properties was conducted
by nano- and microindentation. First of all, the investigation of Young's
modulus through nanoindentation confirms the preceding composi-
tional trends, which were derived from the measurements of the

Fig. 5. Compositional dependence of the glass transition temperature Tg (a) and thermal expansion coefficient α (b) of the Na2O–CaO–TiO2–SiO2 glasses investigated in the present study
(series 1: squares, series 2: triangles, series 3: circles). The ternary contour diagrams of Tg and α were derived by interpolating the experimental results presented herein.
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ultrasound velocities (Table 2), though there is a large discrepancy
between the absolute values of E from both experimental techniques.
The latter phenomenon has previously been assigned to the pile-up of
material at the periphery of the indenter tip, which causes an under-
estimation of the contact area between the indenter tip and the material
tested and thus an overestimation of E[108]. Referring to the plastic
deformation, the Vickers hardness, which was estimated using a mi-
crohardness tester, displayed the same behavior that was seen in the
glass transition and Young's modulus. That is, the substitution of CaO
by TiO2 and minor amounts of SiO2 (Fig. 6c; squares) results in an in-
creased plasticity, which reflects in a monotonic decrease of HV from
5.64 to 4.84 GPa at 5.5 mol% TiO2, while in series 2 (Fig. 6c; triangles),
where TiO2 was added at the expense of SiO2, an increased resistance

against plastic deformation was detected, which mirrors in an increase
of HV from 5.64 up to 6.35 GPa for the glass containing 9.9 mol% TiO2.
In series 3 (Fig. 6c; circles), where CaO was gradually replaced by TiO2,
HV remains relatively constant and scatters only slightly within a
narrow interval, ranging from 5.48 to 5.64 GPa. To validate these
findings, the hardness was also characterized by means of a na-
noindenter and although the absolute values of H differ significantly
from HV, the results from the nanoindentation testing clearly corrobo-
rate the trends determined by microindentation (Table 2). Apart from
this, the aforementioned mismatch between HV and H most likely ori-
ginates from the large contribution of elastic deformation to the in-
dentation response of glasses, leading to marked differences between
the contact area under load, which determines H, and the size of the

Fig. 6. Compositional dependence of the Young's modulus E (a), Poisson ratio ν (b), Vickers hardness HV (c), strain-rate sensitivity m (d), brittleness B (e) and crack resistance CR (f) of the
Na2O–CaO–TiO2–SiO2 glasses investigated in the present study (series 1: squares, series 2: triangles, series 3: circles). The ternary contour diagrams of E, ν, HV, m, B and CR and were
derived by interpolating the experimental results presented herein.
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residual hardness imprint after unloading, which is used to evaluate
HV[108]. The plastic deformation of glasses is basically governed by
two competing mechanisms, i.e., a congruent densification of the glass
network, on the one hand, and a volume conservative shear flow, on the
other hand [109]. Considering silicate glasses, a permanent compaction
is achieved via a reduction of the average silicate ring size (from larger
five- and six- membered to smaller three- and four-membered silicate
rings) and a decrease of the Si–O–Si bond angles [14,15]. Introducing
additional network modifier ions usually diminishes the ability of
glasses to densify, by breaking up the glass network and inducing a
more efficient packing [110], whereas the weak ionically bonded in-
terfaces in the network modifier-rich region of the glass allows for the
initiation of a shear-mediated plastic flow [111]. In this regard, the
decreasing plasticity (increasing HV) with increasing TiO2 content in
series 2 most likely originates from the parallel increase of Cg, which
limits the ability of these glasses for compaction, and<U0/V0> ,
which enhances their resistance against shear. The reverse effects are
visible in series 1, where the decrease of Cg in combination with the
reduction of<U0/V0> indicates the creation of more open glass net-
works of lower resistance against both densification and shear (redu-
cing HV) as compared to the TiO2-free Na2O–CaO–SiO2 base glass. On
the contrary, no variations of HV are expected in series 3, owing to the
negligible changes of Cg and<U0/V0> .

The time-dependent indentation response as represented by the
strain-rate sensitivity (Fig. 6d) shows some deviations from the com-
positional trends observed so far. For the ternary Na2O–CaO–SiO2 base
glass a value of m= 0.0134 was determined, which corresponds again
quite well with previously obtained results on very similar composi-
tions [13,62]. However, with the addition of TiO2 an overall increase of
m is observable in all glasses studied, whereas equivalent values were
detected even for compositions with large differences in the CaO and
SiO2 contents but equivalent TiO2 concentrations (e.g., m= 0.0180 for
glass specimen 2.7 with 13.8 mol% CaO, 9.9 mol% TiO2 and 61.3 mol%
SiO2, by contrast with m= 0.0182 for glass specimen 3.6 containing
2.5 mol% CaO, 9.7 mol% TiO2 and 71.6 mol% SiO2). These findings
indicate that the time-dependent indentation response is governed
primarily by the TiO2 content and to a minor extent by the remaining
components present in the glasses. Surprisingly, there appears to be no
direct correlation between m and NBO (see Table 1) or<U0/V0> ,
which is completely contradictory to the strong influence of the net-
work dimensionality and the strength of the interatomic bonds on the
time-dependence of the indentation deformation that has previously
seen, e.g., in borate [112], fluoride-phosphate [26] or chalcogenide
glasses [113]. Instead, the current trends are more comparable to the
monotonic increase of m in ternary Na2O–B2O3–SiO2 glasses upon the
progressive substitution of SiO2 by B2O3 and the accompanied transi-
tion from a silicate towards a borate glass network [13]. Although the
fundamental mechanisms controlling the strain-rate sensitivity of
mixed network forming glasses still remain unresolved, the present
findings in combination with our earlier observations on borosilicate
glasses [13], indicate that with increasing TiO2 or B2O3 concentration,
the time-dependent indentation deformation of the corresponding ti-
tanosilicate and borosilicate glasses becomes progressively dominated
by atomic rearrangements related to the titanate and borate sub-net-
works rather than a structural response of the silicate sub-network.

The results on the indentation fracture toughness are summarized in
Table 2. Note that a comparison between the results obtained in the
current work and previous investigations is not straightforward, since
crack initiation and propagation, and hence Kc, strongly depend on the
loading conditions [114] as well as the testing environment [17,115].
For example, a Kc of 0.69 MPa m1/2 was determined for the
Na2O–CaO–SiO2 base glass for which values ranging from 0.68 to
0.88 MPa m1/2 can be found in the literature [8,10,51,105]. Further-
more, because of the complex residual stress field in the vicinity of a
sharp loaded indenter tip and the multiple different crack pattern that
may occur during indentation, the indentation fracture toughness does

not represent the fracture toughness, KIc, of a glass, which is commonly
derived from more standardized methods [116]. As a consequence, Kc

can only be employed as an indicator for the compositional variations
of the fracture resistance of soda-lime silicate glasses upon the in-
corporation of TiO2. The more relevant parameter in this context is the
brittleness illustrated in Fig. 6f, which constitutes the competition be-
tween plastic deformation, HV, and fracture, Kc. The values of B follow
the previously observed trends in the elastic-plastic deformation.
Moreover, in accordance with Ref. [117], a direct correlation between B
and ρ respectively Cg exists. With the addition of up to 5.5 mol% TiO2 in
series 1 (Fig. 6e; squares) the values of B decrease from 8.3 to 6.5 μm-1/

2, due to the enhanced capability for a congruent densification of the
glass network (reducing Cg), which diminishes the surface tensile
stresses responsible for the initiation of radial cracks and reflects in an
increase of Kc[107]. The opposite trend is noticed in series 2 (Fig. 6e;
triangles). When SiO2 is partially replaced by up to 9.9 mol% TiO2, a
more compact glass network is achieved (increasing Cg). This effect is
accompanied by a monotonic increase of the driving force for radial
crack formation and the apparent reduction of Kc[107]. By extension,
the Na2O–CaO–SiO2 base glass become more brittle, i.e., B increases
from 8.3 to 10.4 μm-1/2. Besides that, the absence of any clear compo-
sitional variation of B in series 3 (Fig. 6e; circles) is related to the in-
significant changes of Cg, notwithstanding the large variations in the
TiO2/CaO ratio.

An alternative approach for evaluating the brittleness of glasses is
the resistance against median-radial crack initiation, defined as the
crack resistance. In principle, glasses with lower values of Kc, and thus
higher values of B, are also characterized by a low CR and vice versa
[18,69,104,107]. In agreement with these findings the abovementioned
increase of Kc and decrease of B in series 1 (Fig. 6f; squares) is ac-
companied by an increase of CR from 1.22 up to 2.24 N as well, while in
series 2 (Fig. 6f; triangles) CR decreases from 1.22 down to 0.51 N for
the glass containing 9.9 mol% TiO2. In series 3 (Fig. 6f; circles), on the
other hand, the changes of CR are negligible with respect to the ex-
perimental uncertainty of this method (1.01≤ CR ≤ 1.22 N).

4. Conclusions

In the present work, we studied the effects of TiO2 on the structural,
thermal, and mechanical properties of Ti-bearing soda-lime silicate
glasses. For this purpose, three series of quaternary
Na2O–CaO–TiO2–SiO2 glasses were prepared with TiO2 concentrations
up to 12 mol% and varying Na2O, CaO, and SiO2 molar ratios. The
structural analysis by Raman and 29Si MAS NMR spectroscopy revealed
the presence of predominantly four-fold coordinated Ti atoms in glasses
of low and moderate TiO2 contents up to around 10 mol%, where Ti
replaces Si to form a titanosilicate glass network of interconnected TiO4

and SiO4 tetrahedra. For higher TiO2 contents, a significant fraction of
the Ti speciation involves TiO5 polyhedra. Moreover, the incorporation
of Ti strongly affects the network connectivity, especially when the
addition of TiO2 is accompanied by a decrease of the CaO content.

Apart from the thermal expansion coefficient, alterations of the
glass network connectivity have essentially no impact on the thermal
and mechanical stability of these glasses. Instead, the compositional
dependence of the thermal and mechanical properties on the TiO2

content stems from its effect on the network energy and packing effi-
ciency. Replacing SiO2 by TiO2 monotonically raises the volume density
of bonding energy and atomic packing density and accompanied by this
also the glass transition temperature, Young's modulus and hardness
increases, while the crack resistance and indentation fracture toughness
continuously decreases, resulting in glasses of higher brittleness in
comparison to the TiO2-free Na2O–CaO–SiO2 base glass. The reverse
effect is visible, when the CaO content is reduced at the expense of TiO2

and minor amounts of SiO2, while the progressive substitution of CaO
by TiO2 have only a marginal influence on the thermal and mechanical
properties. In contrast to this, the strain-rate sensitivity appears to be
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determined by the overall TiO2 content and to a lesser extent by the
other components present in these glasses, which indicates that the
strain-rate dependence of the indentation deformation becomes more
and more controlled by atomic rearrangements in titanate sub-network
as the TiO2 concentration increases.
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