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ABSTRACT 

The interpretation of commercial soda-lime-silicate and related silicate glass properties through existing topological approaches 
has received little attention, despite its potential to clarify the relationship between glass chemistry and material properties, 
including crystallization, physical characteristics, and mechanical behavior. Moreover, robust validation of topological constraint 
theory in glasses requires a substantial body of experimental data spanning a wide range of structural, mechanical, physical, and 
physicochemical properties across systematic compositional variations. To address this gap, the number of topological constraints 
per atom ( nc ) was calculated and potential Raman spectral signatures of topological transitions were analyzed for four series 
of soda-lime-silicate glasses. An exploratory analysis was then conducted to correlate crystallization, physical, mechanical, and 
structural properties with the resulting topological parameters. The analysis incorporated data from our previous studies and the 
broader literature to provide a more robust assessment. These topological assessments were complemented by measurements 
of load- and time-dependent crack growth rates in selected glasses to evaluate their mechanical reliability. The analyses suggest 
that, beyond the isostatically favorable nc range, a higher fraction of average six-membered ( m ≈ 6) ring motifs with the established 
Raman-derived spectral rigidity transition constant ( νH / νM 

) can serve as effective topological metrics for identifying candidate glass 
compositions with optimal properties. Overall, these metrics could provide a predictive framework for identifying and refining 
promising glass compositions without requiring exhaustive characterization across the entire compositional space. Furthermore, 
the Raman spectral topological signatures identified in soda-lime-silicate glasses can be recognized in quinary silicate and 
aluminosilicate glass systems, supporting the extension of this framework to related glass networks with comparable structural 
motifs. This approach may therefore facilitate the development of novel soda-lime-silicate and aluminosilicate glass chemistries 
tailored to diverse applications. 
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 Introduction 

opological constraint theory provides a framework for under-
tanding the relationships among glass composition, structure,
nd material properties [ 1, 2 ]; it can serve as a powerful tool for
esigning new glasses with desired properties without the need
or extensive experimental trials [ 3 ]. This theory can account
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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for composition-property inversions in glass, such as those
arising from the boron anomaly or rapid shifts in coordination
numbers of boron and aluminum upon compression [ 3, 4 ]. It
also predicts transitions between stressed-rigid and floppy glass
structures based on parameters such as the average coordination
number ( < r > ) [ 5, 6 ]. Thus, the topological approach enables
glass technologists to design glasses by strategically avoiding or
se, which permits use, distribution and reproduction in any medium, provided the 

icals LLC on behalf of The American Ceramic Society. 
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everaging specific structural features or exploiting anomalies to
chieve target properties [ 7 ]. 

hile the application of topological constraint theory for glass
esign is a relatively recent development, topological approaches
uch as cluster theory have previously been used to explain
hy Pyrex exhibits exceptional resistance to thermal shock
nd enhanced mechanical resistance [ 8–10 ] compared to stan-
ard soda-lime-silica glass. More recent studies have identified
ovel glass chemistries that demonstrate remarkably high crack
esistance through the formation of topologically self-adaptive
etworks [ 4, 11 ]. 

owever, the extension of topological constraint theory to con-
entional soda-lime-silicate glass systems has not yet been fully
stablished. Most relevant studies investigating the relationship
etween material properties and topological constraint theory
ave focused on either simple sodium silicate glasses or more
ompositionally complex silicate glasses, with material properties
erived predominantly from molecular dynamics simulations
 12–14 ]. Moreover, the silicate [ 15 ] and aluminosilicate glasses
 16 ] display fewer or subtler topological anomalies compared
o borosilicate glasses, with some exceptions, such as a notable
nversion at 20 mol.% Na2 O in binary Na2 O-SiO2 glasses [ 15 ] or
axima in melt viscosity and some physical properties due to
ixed-alkali or alkaline-earth effects [ 7, 16 ]. 

ilicate glasses possess a high energy barrier that prevents Si
toms from reconfiguring to higher coordination states under
harp contact loading [ 11 ]. This barrier likely contributes to
heir low fracture toughness values [ 17 ] (0.6–1.0 MPa ⋅m1/2 ) and
he minimal variation in Poisson’s ratio with composition [ 18 ].
n contrast, resistance to static fatigue can vary substantially
mong compositions, even when fracture toughness and elastic
oduli values are similar [ 19, 20 ], making it a meaningful
etric of the long-term strength of glass. However, the exact link
etween stress corrosion and glass composition remains largely
nknown and debated [ 21 ], and a notable gap persists in the lit-
rature regarding the specific influence of topological properties
n stress-corrosion in silicate and commercial soda-lime-silica
lasses. 

n this study, we aim to interpret variations in the measured
roperties of 25 silicate glasses by applying different topologi-
al approaches, integrating theoretical analysis with previously
ublished experimental data for these glasses [ 22, 23 ]. These
atasets include XRF chemical analysis, crystalline phase fields,
ulk crystal growth rates obtained through Rietveld refinement
f XRD patterns, and network connectivity derived from Raman
pectroscopy and 2 9 Si NMR, as well as mechanical properties such
s Vickers hardness, flexural strength, brittleness, and elastic
oduli. To complement these datasets, DSC measurements were
arried out in the present study to provide further calorimetric
nsight into glass transition behavior. In addition, indentation
xperiments were performed to evaluate the cracking and static
atigue properties of selected glasses, with particular considera-
ion given to the high sensitivity of this method to atmospheric
umidity, especially under applied stress [ 20 ]. 

he complementary topological information for exploring the
opological sensitivity of the material properties of the studied
of 12
glasses was obtained using Raman scattering. Topological vari-
ations, including ring-size distributions in silicate glasses as a
function of composition, have previously been investigated by
Zhou et al. [ 24 ] using neutron diffraction and computational
simulations. Although these approaches can provide detailed
and quantitative insights into the structural topology of silicate
glasses, Raman scattering offers a more readily accessible spectro-
scopic approach for probing topological features and transitions.
While Raman spectroscopy may not provide the same level of
structural resolution as neutron diffraction and simulation-based
approaches, it can nevertheless provide valuable information on
ring-size distributions and other topological characteristics [ 25,
26 ]. 

Moreover, Raman vibrational features have also been considered
as structural descriptors for correlating molecular configuration
with material properties by Cassetta et al. [ 27 ] and Pan et al. [ 28 ].
Their studies primarily focused on variations in material proper-
ties associated with changes in the characteristics of the Raman
boson band. Cassetta et al. [ 27 ] demonstrated that the boson band
provides a sensitive spectroscopic probe of nanoscale structural
heterogeneity, linking low-frequency vibrational dynamics to the
physical and rheological properties of glassy materials. Similarly,
Pan et al. [ 28 ] showed that the boson band serves as a spec-
troscopic fingerprint of elastic heterogeneity in glasses, with its
frequency and intensity correlating with the characteristic length
scale of rigidity fluctuations, Poisson’s ratio, and liquid fragility. 

In the present study, we calculated the average number of rigid
constraints per atom ( nc ) based on the methodologies reported
in the literature, while Raman spectral features beyond the
boson-peak region were processed and analyzed alongside the nc 
values to identify property domains in which significant spectral
signatures of topological transitions coincide with anomalies in
the measured glass properties. Finally, an exploratory analysis
was conducted to investigate the potential interrelationships and
underlying mechanisms linking various material and topological
properties, with the aim of identifying ideal glass networks.
Where applicable, this analysis, as with the variation in liquidus
temperature with nc , was further extended by incorporating rele-
vant data from the literature to examine these interrelationships
across a broader range of soda-lime-silicate and aluminosilicate
compositions. Overall, the potential for identifying ideal glass net-
works was assessed by examining the relationships between the
diverse measured material and structural properties in relation
to the topological criteria proposed [ 9, 29 ] for ideal silicate glass
networks. 

2 Methodology 

2.1 Design of Composition 

The main study focuses on four glass series comprising a total
of 25 soda-lime-silicate glasses, with all series sharing the same
underlying soda-lime-silicate composition. Their coded names, as
used in our previous publications [ 22, 23 ], are reiterated here as
MS, CS, ASN, and MC to enable traceability of previously reported
property data. This study does not explicitly consider the role of
individual oxide components; instead, it focuses on the influence
of topological variations on the material properties of glasses. 
Journal of the American Ceramic Society, 2026
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he general formula for the MS glass series is (75 ‒ y )
iO2 ⋅13.5Na2 O ⋅10CaO ⋅( y ) MgO ⋅1.5Al2 O3 (mol.%) where y = 0, 1,
, 3, 4, 5, 6, 7 (glasses coded as My S(75- y ) ). The CS glass series
s defined by (75 ‒ x )SiO2 ⋅13.5Na2 O ⋅(7 + x )CaO ⋅3MgO ⋅1.5Al2 O3
mol.%) where x = 0, 1, 2, 3, 4, 5, 6, 7 (glasses coded as C(7 + x ) S(75 − x ) ).

he ASN series follows the general formula (75 – 2 w ) SiO2 ⋅ (12 +
 ) Na2 O ⋅10CaO ⋅3MgO ⋅w Al2 O3 (mol.%) where w = 0, 0.5, 1.5, 2.5,
.5 and 4.5. In the MC series, the ratio of CaO to MgO was varied
hile all other constituents were held constant; its general for-
ula is: 72SiO2 ⋅13.5Na2 O ⋅ (13 ‒ z ) CaO ⋅( z )MgO ⋅1.5Al2 O3 (mol.%)
here z = 1, 3, 5, 7, 9, and 11. 

.2 Previously Measured Glass and Material 
roperties 

ur previously published parent studies detailed the procedures
sed for measuring the chemical composition [ 22, 23 ], density
 23 ], crystalline phase field [ 23 ], bulk crystal growth rate [ 23 ],
iquidus temperature [ 23 ], Vicker’s hardness [ 22, 23 ], elastic
oduli [ 23 ], Poisson’s ratio [ 22, 23 ], flexural toughness [ 23 ],
rittleness [ 23 ] and the connectivity data from Raman [ 22, 23 ] and
9 Si NMR studies [ 22 ] along with the numerical results obtained.

s the topologically relevant spectral data provide the foundation
or the discussion presented here, the corresponding method-
logy is briefly reiterated below. Raman spectra were acquired
rom polished solid glass specimens (3 × 20 × 20 mm) using
 Renishaw In Via Raman spectrometer equipped with a CCD
etector. Measurements were performed using an excitation
avelength of 514.5 nm, with the laser beam delivered through a
50 objective, a laser power of 20 mW, and an acquisition time of
0 s. The spectrometer was calibrated against silicon before each
easurement session. Spectra were collected over the range of
–1500 cm− 1 with a spectral resolution of 1 cm− 1 . 

otably, among these background data, those most sensitive to
opological variations are explicitly presented in Section 3, while
he remaining data are used to support and contextualize the
verall interpretation concisely. 

.3 Newly Measured Material Properties 

.3.1 Stress-Corrosion Susceptibility 

ndentation cracking may be distinctive, as it can greatly differ
or different glass systems; therefore, indentation can be used
o probe crack initiation load or crack formation probability
s well as the type of deformation in glass under sharp con-
act loading [ 30 ]. Unless indentation is conducted in a dry,
tmosphere-controlled chamber, stress-corrosion-driven crack
rowth will occur following indentation; therefore, immediate
ost-indentation measurements will minimize such environmen-
al effects. In contrast, extended measurements taken 24 h later
ill be affected by crack growth driven by stress corrosion.
herefore, 24-hour indentation data provide additional insights
nto the combined influence of water species and glass chemical
omposition on the crack behavior of silicate glasses under static
tresses. 
ournal of the American Ceramic Society, 2026

t

Indentation-based stress corrosion studies were conducted
on the MS and CS glass series. Indentation test specimens
(3 × 20 × 20 mm) were obtained from the main cast glass blocks
(60 × 20 × 20 mm in dimension) of these glass series and were
subjected to post-annealing after machining and polishing.
Details of the sample specifications and fabrication procedures
are provided in background studies [ 22, 23 ]. Indentation studies
were carried out in ambient air at 24 ± 1◦C with a relative
humidity of approximately 60%, and the total length of radial
cracks (2 c0 ) emanating from the corners of the indents was
measured immediately after indentation. Subsequently, the total
crack length (2 c24 ) was measured again 24 h post-indentation to
determine the crack extension for each indent. The dependence
of stress corrosion on nc is examined using the crack growth data,
Δc = c24 − c0 , obtained at an indentation load of 49.05 N with a
dwell time of 20 s. 

2.3.2 Glass Transition Range Analysis 

Differential thermal analysis was conducted using a PerkinElmer
Pyris 1 TGA instrument to analyze the glass transition region
of the four glass series studied. Finely ground powder samples
( < 75 µm) were heated to 1000◦C at a rate of 10◦C/min, cooled to
room temperature at the same rate, and then reheated to 1000◦C
at 10◦C/min. The glass transition temperatures were determined
from the second heating curve using the built-in Perkin-Elmer
software. For the glass transition, both the onset temperature
of the glass transition ( To ) and the end temperature of the
glass transition region ( Te ) were identified based on the method
described by Ojovan [ 31 ]. 

2.3.3 Raman Scattering Analysis 

The main low-frequency band of the Raman spectra, after
intensity normalization and baseline subtraction, was analyzed
to determine the ring-size distribution within the network of the
studied glasses. Gaussians were used for spectral curve fitting
without initially constraining parameters such as position ( v ),
bandwidth, or intensity. The fitting process aimed to minimize
the number of Gaussians while capturing physically plausi-
ble structural features. Four Gaussians were found sufficient;
detailed justification for their assignment to specific ring motifs is
provided below (see Section 3). The quality of the fit was assessed
by examining the squared residual between the sum of the fitted
peaks and the original spectrum. The area under each Gaussian
was calculated to quantify its contribution to the main structural
band. The relative abundance of these peaks was then used as a
metric to determine the ring-size distribution, offering insights
into the structural characteristics of the studied glasses. 

3 Results and Discussion 

3.1 The Concept of Ideal Glass Network and 

Topology 

Phillips and Kerner [ 9 ], Bauchy et al. [ 14 ], and Laurent et al. [ 29 ]
argued that an isostatic (stress-free) glass network, where each
atom experiences an average of three rigid constraints ( nc = 3.0),
3 of 12
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s optimal for attaining ideal mechanical, physical, and chemical
roperties in glass. Although the criteria for an ideal glass net-
ork are subjective and may depend on the specific application
r field of glass science, in this study, an ideal glass network
efers to a glass network that may exhibit a lower tendency toward
rystallization, together with improved mechanical performance
nd enhanced resistance to static fatigue. Furthermore, Phillips
nd Kerner [ 9 ] introduced the complementary criterion of ring-
ize distribution to achieve an isostatic network and identify ideal
lass compositions. They noted that a combination of m = 6
ing motif statistics and nc = 3.0 leads to an ideal composition
f 74SiO2 -16Na2 O-10CaO (wt.%). However, this composition is
ot unique, and the alternative ideal silicate glass compositions
roposed by Laurent et al. [ 29 ], derived from molecular dynamics
imulations, also satisfy the topological constraint of nc = 3.0.
hese compositions extend from the SiO2 apex to the midpoint
f the Na2 O-CaO edge in the SiO2 -Na2 O-CaO phase diagram. It is
orth noting, however, that while these compositions may meet
t least one of the proposed topological constraints, they do not
ecessarily exhibit the technological and processing properties
ypical of commercial soda-lime-silica glasses. 

n this study, the nc values were calculated based on the proposed
pproaches of Phillips and Kerner [ 9 ] and Liu et al. [ 32 ]. The num-
er of bond-stretching (BS) and/or bond-bending (BB) constraints
reated by Si, Na, and Ca were based on the work of Laurent
t al. [ 29 ], while the total number of rigid constraints for Mg was
ssumed to be identical to that for Ca. In line with the molecular
ynamic simulation-driven BS and BB calculations of Laurent
t al. [ 29 ], the total number of BS + BB constraints for four-
oordinated aluminum (Al) atoms was taken to be 7, following the
ork of Ching and Bauchy [ 33 ]. Accordingly, the average number
f topological constraints per atom, nc , is calculated as follows: 

𝑛𝑐 =
(∑

𝑖 
𝑥𝑖 𝑛𝑖 

)
(∑

𝑗 
𝑥𝑗 𝑁𝐽 

) (1)

here the summations are taken over all species, i , and oxide
omponents, j , respectively. Here, xi is the mole fraction of species
 , ni is the number of rigid constraints contributed by species i ,
nd NJ is the number of atoms in oxide component j . The species
onsidered in the present model are Si, Na, Ca, Mg, Al, bridging
xygen (OBO ), and non-bridging oxygen (ONBO ). The values of N
re 3 for SiO2 , 5 for Al2 O3 , 2 for CaO and MgO, and 3 for Na2 O,
hile xj denotes the mole fraction of oxide component j . The total
xygen content is given by: 

O Total = O BO + O NBO 

here the concentration of ONBO is calculated as: 

O NBO = 2 𝑥𝑁𝑎2 𝑂 + 2 𝑥CaO + 2 𝑥MgO − 2 𝑥𝐴𝑙2 𝑂3 

nd the total oxygen content is: 

O Total = 2 𝑥𝑆 𝑖 𝑂2 + 𝑥𝑁𝑎2 𝑂 + 𝑥CaO + 𝑥MgO + 3 𝑥𝐴𝑙2 𝑂3 . 

he uncertainty in nc was determined using the quotient rule
or error propagation, which accounts for functions containing
hared variables in both the denominator and numerator. This
of 12

t

involved determining the partial derivatives of nc with respect
to the fractional molar content of each constituent. The uncer-
tainties in nc were derived from the uncertainty values associated
with the major and minor oxide components in the studied
glasses, which were obtained from the measurement errors of the
corresponding XRF analyses reported in our previous work [ 23 ].
These uncertainties were then propagated to nc using standard
error-propagation methods. 

Our calculated nc values for the studied glasses using the Phillips
and Kerner [ 9 ] and Ching and Bauchy’s [ 33 ] approaches align
closely, with a maximum standard deviation of ± 0.01. The
nc values range from 2.92 to 3.11, corresponding to the glasses
with the lowest and highest degree of polymerization, respec-
tively, across the four studied glass series. These results suggest
that soda-lime-silicate glass compositions relevant to industrial
processing exhibit nc values comparable to those reported by
Phillips and Kerner [ 9 ] and Laurent et al. [ 29 ] for ternary and
ideal Na2 O-CaO-SiO2 glasses. Notably, the quinary silicate glasses
investigated here, which closely resemble commercial soda-lime-
silica glasses, cluster around the isostatic network region, with nc 
values ranging from 3.0 to 3.06. 

3.2 Crack Growth and nc 

Figure 1 shows crack growth as a function of nc for the two glass
series studied. Stress corrosion-driven crack growth decreases
as nc increases from 2.97 to 3.05. Around nc = 3.05, the cracks
begin to deflect, and crack growth increases again for nc > 3.05.
Although the indentation fracture toughness of these glasses
varies little with composition or nc , crack growth varies sub-
stantially across the studied nc range. Specifically, crack growth
decreases by nearly half between the lowest nc and nc = 3.05,
then nearly doubles as nc reaches its maximum value. This trend
suggests a potential influence of network topology on the static
fatigue behavior of soda-lime-silicate glasses. A similar trend is
Journal of the American Ceramic Society, 2026
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bserved for brittleness, defined as the ratio of Vickers hardness to
lexural fracture toughness, which also exhibits a local minimum
ithin the isostatic region, corresponding to an nc range of 3.00–
.05 (Figure 2 ). It is important to note that mechanical properties
uch as static fatigue and brittleness in glasses are highly complex
nd difficult to predict, as they cannot be strongly correlated
ith any single compositional, structural, or physical parameter.
evertheless, the observed minima in stress-corrosion resistance
t approximately nc = 3.05 and in brittleness at 3.00 < nc <
.05 underscore the potential role of the rigidity transition in
nfluencing these particularly unpredictable properties. 

.3 Raman Scattering Ring-Size Distribution 

.3.1 Assignment of the Vibrational Modes 

s shown in our earlier study [ 22 ], the network connectivity data
or the studied soda-lime-silicate glass systems—including the
aman scattering polymerization index, the fractions of Q4 and
3 motifs determined by 29 Si NMR, and the physical and elastic
roperties—vary approximately linearly with composition. How-
ver, such linear trends do not extend to the relative intensities
f certain major structural features in the low-frequency region
f the Raman spectra. Our previously published clustered Raman
cattering analysis of these glasses [ 23 ] showed that the relative
ntensities of the spectral feature near ∼ 590 cm− 1 and the feature
t ∼ 480 cm− 1 , which generally exhibits plateau behavior, are
ighly sensitive to compositional variations. 

s shown in Figure 3 , deconvolution of the main low-frequency
aman band identified four primary components across the
our glass series, with approximate peak positions ranging from
 325 to 375 cm− 1 (A), ∼ 445 to 485 cm− 1 (B), ∼ 540 to 590 cm− 1

C), and ∼ 560 to 655 cm− 1 (D). Notably, the relative intensity
f the largest Gaussian component B, centered between ∼ 445
nd 485 cm− 1 , exhibits a nonlinear variation with composition
ournal of the American Ceramic Society, 2026
in each glass series, despite the approximately linear network
depolymerization observed over the same compositional range. 

3.3.2 Origin of Rings Structures in Silicate Glasses 

The Raman scattering patterns of silicate glasses change with
the progressive replacement of the main band of fused SiO2 at
430 cm− 1 by a series of higher-frequency bands as modifiers
are added [ 34 ]. The computational studies by Barmes et al.
[ 35 ] and Shiga et al. [ 36 ] indicate that six-membered rings are
the most prevalent ring motifs in vitreous silica, contributing
to the characteristic Raman scattering band centered at around
430 cm− 1 , and the morphology of this band evolves with frequency
shifts greatly with a number of factors such as glass chemistry,
irradiation, or applied pressure [ 25 ]. Such changes are expected as
variations in the average Si-O-Si bond angle distribution and bond
force constants; for instance, an angle disparity of approximately
4◦ can lead to a major shift of about 100 cm− 1 in the ring motif
positions within the same glass system [ 37 ]. 

Awazu et al. [ 26 ] demonstrated that the vibrational Raman mode
frequencies and relative mode intensities of five-, six-, eight-, and
higher-membered rings are sensitive to high-energy irradiation.
They also reported an inverse, linear-like relationship between
the size of the ring motifs and the vibrational frequency in
silica glass. Furthermore, in depolymerized aluminosilicate glass
systems, Le Losq et al. [ 38 ] reviewed the origins and approximate
positions of different ring motifs, drawing on relevant background
studies, and showed that bands extending from 250 to 480 cm− 1 

are typically associated with the spectral signatures of tetrahedral
units within five-, six-, seven-, or larger-membered rings in
aluminosilicate glasses. 

Consistently, components A and B, located at the lower-frequency
end of the spectrum, appear to correspond primarily to vibra-
tional modes associated with six- and larger-membered ring
5 of 12
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otifs in the soda-lime-silicate glasses examined. Computational
nalysis has also shown that the maximum m values for ring
otifs in simple alkali silicate glasses are around nine [ 39 ]. Thus,
ibrational modes associated with rings with 6 < m < 9 are con-
idered to contribute to the intensity of component A at the lower
nd of the vibrational spectrum, whereas component B is more
ikely to be associated predominantly with ring motifs having an
verage ring size of approximately six. Component D, on the other
and, can be assigned to vibrations associated with smaller ring
otifs ( m < 6), specifically three-, four-, and five-membered rings
ithin the compositional range studied (Figure 3 ), and is situated
t the higher-frequency end of the vibrational spectrum. Overall,
n our study, component B can reasonably be attributed predom-
nantly to vibrational modes associated with six-membered ring
otifs, and the relative intensities of these components were used
s indicators of variations in the populations of different ring
otifs in the soda-lime-silicate glasses. 

.3.3 Ring-Statistics Versus nc and ( vH / νM 

) 

e conducted an exploratory analysis to investigate potential
orrelations between vibrational mode frequencies and the nc
n the studied glasses. As a simplified approach, we analyzed
he central Raman shifts (centroids)—denoted as νL , νM 

, and
H —corresponding to the low-, mid-, and high-frequency bands,
espectively, rather than isolating their topologically sensitive
ibrational components. Further details, including the positions
f these Raman vibrational bands, can be found in the inset of
igure 3 . 

he Raman bands in the vicinity of vH in soda-lime-silicate glass
ystems have typically been assigned to symmetric Si-O stretch-
ng motions of depolymerized silicate units, comprising SiO4
etrahedra with one, two, three, and four non-bridging oxygens,
espectively [ 34, 40 ]. These modes therefore have a predomi-
antly intra-tetrahedral character. In contrast, the vibrational
echanisms associated with the lower-frequency bands involve
ncreasingly significant contributions from motions of the Si-O-
i linkages. The vM 

band has been attributed to a combination of
i-O-Si bending and Si-O stretching motions [ 41, 42, 43 ], whereas
he vL band is predominantly associated with bending motions of
he Si-O-Si linkages [ 41 ]. Thus, with decreasing Raman scattering
requency from vH to vM 

and vL , the vibrational character evolves
rom predominantly intra-tetrahedral Si-O stretching to increas-
ngly dominant inter-tetrahedral bending motions involving the
i-O-Si linkages. 

ur exploratory analysis indicated that, although there is no
trong one-to-one correlation between νL , νM 

, or νH and nc ; the
entroid of the mid-frequency band ( νM 

) exhibits a relatively
inear blueshift with increasing nc , with a subtle minimum
round nc = 3.06. In contrast, although the frequencies of the
ntramolecular stretching modes also vary significantly with nc ,
hey do not exhibit a clear systematic trend. However, introducing
he spectral rigidity transition parameter, νH / νM 

, and examining
ts variation with nc reveals an intriguing pattern that can be
easonably linked to the concept of Maxwell isostatic criterion.
s shown in the top view of Figure 4 , the νH / νM 

ratio reveals a
ore distinct and informative pattern compared to the individual
requency shifts. Specifically, this ratio initially decreases sharply
of 12
as nc increases, then levels off into a plateau as the system enters
the isostatic region (3.0 < nc < 3.06). It subsequently rises at nc ≈
3.06 for the color-coded data points, before declining again as the
network transitions into the over-constrained phase. 

The front and top views of Figure 4 also show how component
B varies with νH / νM 

and nc , respectively, within a three-
dimensional space for the studied glasses. The proportion of
component B shows an inverse, nearly linear trend with increas-
ing nc values, indicating that the population of average m ≈ 6
ring motifs decreases as the network’s stress-rigidity increases.
Notably, the glasses with the highest fractions of average m ≈

6 ring motifs are clustered around nc = 3.06 and are shown in
different colors for easier identification. This surge in m ≈ 6
ring motifs may reflect the network’s proximity to the rigidity
transition, where the system approaches isostatic conditions. At
this stage, ring types are likely reorganized into topologically ideal
m ≈ 6 motifs, which may provide an efficient balance among
different types of network constraints before stress-rigidity effects
Journal of the American Ceramic Society, 2026
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ecome dominant. For nc values above 3.06, the decline in the
 ≈ 6 ring population becomes much steeper as the network
rogressively enters the stress-rigid phase. Collectively, these
bservations suggest a reciprocal relationship between the nature
f the phase fields and the evolution of ring statistics. 

.4 Detailed Overview of Spectral Signatures 

icoulaut et al. [ 42 ] previously investigated topological transi-
ions in CaO-SiO2 glasses using Raman scattering as a structural
robe. They identified several characteristic vibrational modes
cross the low-, mid-, and high-frequency regions, which were
ound to be highly sensitive to topological changes occurring
uring the transition from the stressed-rigid to the floppy phase.
otably, the mode observed in the mid-frequency region was
ttributed to inter-tetrahedral bending (angular) motions of
i-O-Si linkages and was considered highly sensitive to the
igidity transition. In the high-frequency region, the most promi-
ent vibrational mode was associated with the intra-tetrahedral
tretching vibrations of Qn species within the silicate glass
etwork. 

n silicate glasses, angular modes are weaker than BS modes
 40 ], as reflected by their occurrence at lower Raman frequen-
ies. Consequently, the initial rebound of the νH / νM 

ratio to
igher values around nc = 3.06, followed by a subsequent
ecrease, suggests the presence of an isostatic sub-region in which
nter-tetrahedral angular constraints may undergo re-softening,
hile intra-tetrahedral stretching constraints associated with Qn

pecies simultaneously re-stiffen. A similar re-softening behav-
or was reported by Boolchand et al. [ 44 ] in binary Ge-Se
lasses, where the vibrational frequency of corner-sharing modes
ncreased super-linearly with increasing network rigidity, except
or a distinct sub-linear dependence within the isostatic region.
his behavior is consistent with the near-constant νH / νM 

ratio
bserved between nc = 3.00 and 3.06, suggesting that the re-
oftening of angular vibrational modes becomes pronounced
ithin the isostatic regime. 

his behavior may be attributed to a self-organization mechanism
hat either maintains the glass in an isostatic state [ 45 ] or
elays its rapid departure from the isostatic region near nc =
.0. Our previous 29 Si NMR analysis of selected samples from
hese glass series [ 22 ] indicated that their networks consist
redominantly of Q4 and Q3 species. The concurrent hardening of
ntra-tetrahedral stretching modes (higher νH ) and the softening
f inter-tetrahedral angular modes (lower νM 

) within these
tructural units parallels the topological evolutions observed in
he CaO-SiO2 glass system. In that system, the inter-tetrahedral
ngular modes exhibit plateau-like behavior as the network
ecomes increasingly polymerized and nc increases with increas-
ng SiO2 /CaO molar ratio, followed by pronounced softening
oward the SiO2 -rich end. Notably, a locally sharp softening of
hese modes also occurs within the plateau region, coinciding
ith the rigidity-transition threshold in this glass system. A
imilar behavior is observed across the four glass series studied
ere: the glasses clustered around nc = 3.06, which also exhibit
he highest abundance of 𝑚 ≈ 6 rings, show the locally largest
H / vM 

ratios. This combination suggests a greater capacity for
nter-tetrahedral flexibility within the network while the overall
ournal of the American Ceramic Society, 2026
network shifts toward the stressed-rigid phase field. Consistent
with this interpretation, simulation studies [ 46 ] have shown that
increasing the proportion of flexible angular bonds between rigid
tetrahedra enhances nano-ductility, toughness, and the glass-
forming ability in aluminosilicate glasses. Therefore, the local
reversibility of inter-tetrahedral flexibility as network domains
stiffen may present a characteristic feature of topologically ideal
silicate networks. 

3.5 Liquidus Temperature—Network Topology 

Glasses with an ideal, isostatic network have also been shown
to exhibit improved crystallization properties and glass-forming
ability, as reported by Sharmila et al. [ 5 ] and Varma et al. [ 6 ].
The requirement that the liquidus temperature be lower than the
glass-melt processing temperature is an important consideration
in glass composition design. However, there are currently no
robust empirical models for predicting crystallization properties,
such as liquidus temperature, and these properties cannot be
reliably correlated with any single fundamental glass prop-
erty. Therefore, identifying significant associations between the
crystallization properties of soda-lime-silicate glasses and their
topological signatures or variants may provide insight into the
underlying relationship between glass network topology and
crystallization behavior. 

Figure 5 shows the broader variation of liquidus temperature,
extending our analysis of selected glasses from this study by
incorporating literature data [ 47–54 ] on glasses rich in either
network formers (SiO2 , Al2 O3 ) or network modifiers (CaO, MgO,
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a2 O) to explore the relationships between liquidus temperature
nd network topology in silicate glasses. The details of the
xtracted liquidus temperature and composition data used to
onstruct Figure 5 can be found in Kilinc et al. [ 23 ] for the MS
nd CS data series and in Kilinc et al. [ 54 ] for the T1-T4 and C1-C6
atasets, respectively. 

he glass compositions sourced from Wallenberger and Smrček
 52 ] (coded 1–6 on p. 155) are quinary soda-lime-silicate glasses
nd exhibit significant variations in the SiO2 /CaO ratio, including
nusually low SiO2 contents of down to 62.18 mol.%. Similarly, the
lass compositions containing 14.8 and 16.25 wt.% Al2 O3 (Tables
 and 3, respectively, in the source paper) belong to the SiO2 -
aO-Al2 O3 system reported by Wallenberger et al. [ 50 ], where
he molar difference (CaO-Al2 O3 ) is greater than zero, assuming
hat aluminum is present in four-fold coordination. The glass
ompositions sourced from Abel et al. [ 53 ] generally exhibit
igher SiO2 contents and slightly lower Al2 O3 contents within
he SiO2 -CaO-Al2 O3 system than those reported by Wallenberger
t al. [ 50 ]. 

he glasses reported by Hrma et al. [ 51 ] are representative com-
ercial float-glass compositions (coded CMA1, CLA1, and B-HNa
n the source paper). Compared with typical float-glass com-
ositions, these glasses contain lower Na2 O and CaO contents,
igher SiO2 and MgO contents, and, more importantly, negligible
l2 O3 contents. The glass data sourced from Silverman [ 48 ]
coded 63 and 64 in the source paper) are MgO-free compositions
ithin the quaternary soda-lime-silica glass system. In contrast,
he glasses sourced from Silverman [ 49 ] dataset belong to a
uinary glass system and contain significantly higher MgO and
ower SiO2 contents than most archetypal soda-lime-silica glass
ompositions. Furthermore, the compositional data sourced from
orey [ 47 ] comprise glasses from the SiO2 -Na2 O-CaO ternary
lass system, with significantly higher Na2 O contents ranging
rom approximately 17 to 32 mol.%. 

onsistently, Figure 5 shows a pronounced minimum in the
iquidus temperature of number of glass systems that collected
rom literature including some of our studied silicate glasses at
c ≈ 3.06 within the isostatic region. However, nc may not be
he sole factor that contributing to the liquidus position of these
lasses. Notably, this minimum tends to coincide with a higher
bundance of m ≈ 6 ring motifs, at least within our studied four
lass series. Moreover, our XRD study [ 23 ] of an extended heat-
reated four-glass series indicated that the primary crystalline
hase shifts from silica (cristobalite and tridymite) to wollastonite
t this intersection point, where the νH / νM 

ratio becomes more
alanced, as inferred from Figure 4 . 

t is well established that ternary soda-lime-silica glasses with
igh Na2 O contents exhibit some of the lowest liquidus tem-
eratures among soda-lime-silicate glass systems, although these
lasses typically do not possess the desirable physical, rheologi-
al, and technological properties of commercial soda-lime-silica
lasses. One would therefore expect the addition of alkaline
arth oxides and alumina, as found in conventional quinary
oda-lime-silica systems, to significantly increase the liquidus
emperature as the nc value increases. This increase would be
xpected to continue, and potentially become disproportionate,
oward compositions characteristic of E-glass systems (the CaO-
of 12
Al2 O3 -SiO2 system, with cristobalite and anorthite phase fields, as
indicated in the parent studies [ 50, 53 ]) within the stressed-rigid
region. 

Overall, it would be plausible to assume that the variation in
liquidus temperature would increase at least linearly, if not non-
linearly, with increasing nc values between nc = 2.6 and 3.5.
Conversely, as the glass compositions move toward the commer-
cially viable soda-lime-silica glass system, where the nc values
concurrently approach ∼ 3.06, the liquidus temperature appears
to reverse toward a local minimum before subsequently returning
toward the expected liquidus-temperature values at higher nc .
This observation indicates that the non-linear variation, or local
minimum, in liquidus temperature is unlikely to arise from
random variation. Instead, it reinforces the potential influence of
the ideal glass-forming region on glass properties near nc = 3.0. It
also strongly suggests that the observed trend is likely to remain
robust even with the addition of further data points across the nc 
= 2.6–3.5 range. 

In addition to the pronounced minimum in liquidus temperature
observed at around nc ≈ 3.06, the extended bulk devitrification
study-based on the glasses examined and detailed in Kilinc
et al. [ 23 ], indicating that the percentage of the amorphous
phase reaches its highest values when the nc value of the glass
series approaches 3.06 expect for two outliers. Overall, extending
the liquidus temperature dataset across a wider nc spectrum
provides a more comprehensive and explicit view of the influence
of the topologically ideal silicate glass region on the liquidus
temperature of glasses. 

3.6 Glass Transition Region—Network Topology 

No signs of crystallization were observed in the glasses studied
under the applied heating and cooling during thermal analysis.
Neither the glass transition temperature ( Tg ) nor the width of the
glass transition range ( Te –To ) shows a clear association with nc .
On the other hand, as shown in Figure 6 , the end temperature of
the glass transition ( Te ) exhibits a distinct non-linear dependence
on nc for the studied glass series, reaching peak values around nc 
= 3.04. Note that Te is an operational parameter whose numerical
value is intrinsically tied to thermal history and the cooling or
heating rates employed during measurement. These effects were
eliminated by erasing prior thermal history using the second
heating curve and applying identical heating and cooling rates
for all glasses presented in Figure 6 . The difference between the
lowest and highest measured Te values is nearly 20◦C, marking a
significant variation across the studied compositional space. 

Optimally constrained networks ( nc ≈ 3.0) form strong glass-
forming liquids [ 55, 56 ] and are known to exhibit lower thermal
hysteresis and smoother structural relaxation [ 56, 57 ]. In contrast,
under-constrained and over-constrained networks tend to deviate
substantially from the thermodynamic equilibrium path near
the glass transition during cooling, resulting in poorer structural
relaxation and greater thermal hysteresis upon reheating [ 56 ].
These behaviors likely contribute to lower percolation thresholds
[ 31 ] and reduced glass transition temperatures. Notably, a positive
slope in Tg with increasing mean coordination number < r >
has been observed in chalcogenide glasses near the rigidity
Journal of the American Ceramic Society, 2026
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ransition [ 5, 58, 59 ]. Consistent with these findings, our study
hows that Te reaches a maximum near nc = 3.04, suggesting
hat Te obtained from the reheating cycle serves as a sensitive
ndicator of structural rearrangements in quinary silicate glasses,
eaking within the isostatic phase field. Moreover, the observed
ssociation between Te and nc across the studied 25 glass
ompositions examined is in close agreement with topological
onstraint theory, wherein the onset of ergodicity breakdown
uring structural relaxation, reflected in Te , is likely governed by
he number of rigid constraints within the network [ 60 ]. 

.7 Ideal Soda-Lime-Silicate Glass Compositions 

auchy et al. [ 14 ] reported inversions or step changes in the
odeled brittleness and fracture toughness of various types of
lasses at nc values of approximately 2.8 and 3.2. Our experimental
tudy of soda-lime-silicate glasses reveals similar characteristics,
ith minima in static fatigue and brittleness, together with
levated onset temperatures of the glass transition during cooling,
onsistently observed in the vicinity of nc = 3.00–3.06. Similarly,
he most favorable glass properties—particularly those associated
ith a minimum or moderately elevated liquidus temperature—
re generally observed within the nc = 3.00–3.06 range, where
oda-lime-silicate glasses favor an isostatic network configuration
Figure 5 ). 

ur research also indicates the concurrent influence of other
opologically relevant criteria on the material properties of soda-
ime-silicate glasses, beyond nc alone. Figure 4 highlights the
lasses positioned at nc ≈ 3.06, where several Raman-derived
opological property inversions coincide, as indicated by the
olor-coded data points. These glasses are characterized by a
redominance of m ≈ 6 ring motifs and well-balanced νH / νM
atios ranging from 1.3925 to 1.3955. This intersection suggests
hat favorable glass properties are associated with topological
omains in which the isostatically favorable nc and νH / νM
oincide with a greater fraction of ∼ six-membered ring motifs.
urthermore, superimposition of the studied compositions and
ournal of the American Ceramic Society, 2026
their corresponding nc values onto the SiO2 -Na2 O-CaO ternary
phase diagram, as shown in Figure 7 , indicates that glasses
exhibiting favorable combinations of nc , ring statistics, and νH / νM 

tend to cluster near a crystalline phase boundary. Specifically,
these compositions are located near the transition between the
β-CaO ⋅SiO2 and cristobalite phase fields, or vice versa. 

Moreover, good glass-forming ability and superior crystallization
resistance in both inorganic and metallic glasses have been
correlated with higher Tg / TL values [ 61–63 ]. In line with this,
glasses that exhibit favorable Raman νH / νM 

values and ring
statistics associated with optimal crystallization and mechanical
properties also show some of the highest Te / TL values among the
studied glass series, with Tg replaced by Te for this analysis. The
observed correlation between glass properties and topological
events suggests that Te may have potential as a topological metric.
The elevated Te values suggest that glass formation in these
compositions may initiate earlier within the supercooled-liquid
region, potentially enhancing their overall structural stability. 

Overall, these findings suggest that the synergistic effects of topo-
logical events—interpreted within the framework of mechanical
trusses—can outweigh the conventional role of glass chemistry,
at least at the molecular level, and exert a dominant influence
on the properties of silicate glasses. The corresponding ideal glass
compositions within this domain, together with the contributions
of their individual oxide components, will be presented and
discussed in a separate publication. 

3.8 Novel Glass Composition Design 

It is plausible that multiple compositional arrays exist within
the soda-lime-silicate glass system where the desired properties
can be achieved. Beyond the topological criterion of ring-size
distribution and nc , the spectral rigidity transition constant,
νH / νM, may serve as a complementary and valuable metric for
further refining isostatically favorable glass compositions along
9 of 12
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 given compositional array. However, at the current stage, this
aman processing pathway may only be applicable to SiO2 -
ased glass systems, including alkali and alkaline-earth silicate
lasses and aluminosilicate systems (Na2 O-Al2 O3 > 0 in mol.%),
here the resulting network structures exhibit Raman spectral
ingerprints and vibrational characteristics comparable to those
f archetypal soda-lime-silicate glasses. This refinement could
elp narrow down experimental sets to a manageable number,
ltimately aiding in the development of commercially viable
lasses with optimal crystallization and mechanical properties. 

 Conclusion 

ur experimental study provides a further demonstration that
opological constraint theory can be extended to quinary silicate
nd soda-lime-silica glass systems. However, the boundaries of
he isostatic field appear sufficiently broad to accommodate a
ange of theoretically ideal silicate glass networks derived from
iverse glass chemistries. Moreover, our analysis suggests that
he nc may not fully capture the impact of certain nanoscale
henomena within the atomic topology of glasses, and therefore
t may not alone serve as a reliable predictor for identifying
romising glass compositions tailored to specific functionalities.
ur exploratory analysis indicates that the theoretical framework
roposed by Phillips and Kernel [ 9 ], which emphasizes the critical
ole of m ≈ 6 ring motifs, together with our established spectral
igidity transition parameter ( νH / νM 

), can serve as complemen-
ary metrics for refining the identification of truly isostatic glass
ompositions within the broader theoretical isostatic domain.
his integrated approach may offer a pathway for designing
lasses with optimized topological, processing, and functional
roperties, and can be applied across diverse design frameworks
o engineer glass compositions ranging from low-carbon com-
ercial soda-lime-silicate glasses to complex formulations for
luminosilicate glasses. 
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