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Oxide glasses are intrinsically brittle, lacking sufficient atomic-scale mechanisms that can relax mechanical
stresses in the vicinity of a propagating crack. As a result, fracture is typically well-captured by considering
local bond rupture at the crack tip. Here we demonstrate that barrier energies related to the low-temperature
y-relaxation mode in alkali-aluminosilicate glasses are inversely related to the fracture toughness measured via
standardized three-point bending fracture experiments. This holds true for both a series with varying cations

(Li, Na, K) and one with varying Li concentration. The structural rationale for this finding is gained via Raman
spectroscopy. The findings suggest that a fundamental structural relaxation mode measured on bulk specimens
can serve as an effective guideline for fracture toughness of oxide glasses. Data for additional silicate glasses

support this conclusion.

1. Introduction

Oxide glasses are essential to a sustainable future, valued for their
optical transparency, chemical durability, and functional versatility.
They are made from abundant raw materials, such as sand and lime-
stone, and can be easily recycled, which underlines their potential for
an environmentally friendly materials value chain [1]. However, the
primary limitation of glasses is their inherent brittleness, which origi-
nates from a disordered atomic structure and the inability to undergo
local plastic deformation. This means that their practical strength is
significantly reduced in the presence of the smallest surface flaws,
which are unavoidably generated during forming and handling [2],
leading to easy crack initiation and accelerated crack growth during
loading. Therefore, a central challenge in glass science is to overcome
the intrinsic brittleness without compromising the transparency and
functionality that characterize a large number of glass products [3].

While scientists have successfully designed post-treatment strategies
such as thermal tempering [4] and ion exchange [5] to practically
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strengthen glass products, the material’s intrinsic brittleness remains
difficult to mitigate. The reason for this is found at the atomic level
and originates from the directional, rigid, and iono-covalent bonding
network in combination with the disordered nature of oxide glasses [6],
which results in a lack of plastic shear dissipation mechanisms. Unlike
ductile materials, including the related class of metallic glasses, local
microplastic rearrangements that allow lowering atomic-scale stresses,
such as dislocations or shear transformations [7], oxide glasses are
known to undergo almost immediate bond rupture beyond a critical
stress. This inability to undergo deformation, being a critical mecha-
nism for toughening, manifests itself in high hardness coupled with low
fracture toughness (K;.), where the latter represents the material’s ca-
pacity to dissipate deformation energy without crack propagation [8].

Indeed, oxide glass fracture follows an ideal path of sequential
bond rupture with minimal energy dissipation, governed by atomic
bond topology and chemical composition, both of which determine
the energy required for bond cleavage [9]. Oxide glasses are therefore
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classified as ideal-brittle and can be described by linear elastic fracture
mechanics [10]:

K. = V2 E, (€8}

where y, is the intrinsic fracture surface energy and E the Young’s
modulus. Based on this, the primary strategy for glass toughening
has involved optimizing glass design and melt casting processes to
create networks with high packing density and high dissociation energy
among the oxide components (thus, increasing y, and E) [9,11]. How-
ever, this strategy remains inherently limited [12,13], generating K,
values typically below 1 MPay/m when measured with self-consistent
methods [3].

To boost the intrinsic toughness of oxide glasses, the primary objec-
tive is therefore to design glasses capable of nanoscale plastic deforma-
tion mechanisms that significantly exceed the predictions of classical
cohesive zone models [10], while maintaining high interatomic bond
strength and atomic surface density. To account for such energy dissi-
pation mechanisms, the intrinsic fracture surface energy y, from Eq.
(1) is replaced by the apparent fracture surface energy y,,, which
incorporates additional energy contributions [14]:

Yapp = Y0 + Agiss — A7 2

where Ay,;,, represents the energy dissipated per unit fracture surface
area through plastic deformation processes, and 4y, accounts for sur-
face energy reduction, such as that induced by chemical alterations in
the crack tip vicinity [15].

First strong evidence for the presence of energy dissipation mecha-
nisms in oxide glasses emerged from nanoscale studies, where enhanced
fracture toughness values were reported for amorphous oxides based
on their nanoscale ductility under deformation [16-18]. For example,
in amorphous silica, stress-induced exchange of bonded oxygen atoms
between SiO, groups without coordination change (also called “swap-
ping”) has been identified as the origin of enhanced ductility [16,17].
Similarly, the increased ductility observed in amorphous alumina is
attributed to aluminum coordination changes (from 4-fold to 6-fold),
as well as oxygen bond swapping under high strain rates [18].

Analogous bond-switching mechanisms, including bond swapping
and coordination number variations, are predicted to be the underly-
ing mechanism behind the outstanding K. values up to 1.4 MPa\/E
reported in gas-mediated permanently densified oxide glasses [19].
In this case, atomistic simulations have revealed that densification
of the adaptive aluminoborate network promotes coordination num-
ber changes and facilitates bond swapping, ultimately enhancing both
plasticity and fracture toughness.

The results presented above may therefore serve as design principles
for intrinsic toughening in bulk oxide glasses. However, it remains
unclear whether such concepts can effectively be translated to tradi-
tionally melt-cast oxide glass systems. At the same time, structural and
mechanistic design principles derived from atomistic simulations fall
short as they are strongly limited by simulation time scales and atomic
force field constraints [20]. Apart from some structural studies [21], ex-
perimental validation of simulation-derived concepts remain therefore
to a great extent experimentally unexplored.

One way to address this shortcoming and to get a deeper under-
standing of atomic-scale dissipation in glasses is provided by dynamic
mechanical analysis (DMA), also leveraged in the present work. Being
a highly sensitive technique, DMA, or mechanical spectroscopy in
general, characterizes internal friction and viscoelastic behavior via the
application of an oscillatory stress or strain, measuring storage and
loss moduli as a function of temperature and frequency. This gives
access to a range of material-specific dissipative processes, that for
example in the case of polymeric or metallic glasses can be related to
macroscopic mechanical properties [22,23]. As in other glassy solids,
internal friction of oxide glasses originates from multiple relaxation
processes, including structural rearrangements, ionic motion, and de-
fect migration [24,25]. The overlap of these various internal friction
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Table 1
Nominal chemical composition (in mol%) with corresponding melting temper-
atures (7),) and cooling temperatures (7,,,,) of the synthesized glass samples.

00l

Glass notation Chemical composition T, [°C] Teou [°Cl
LygA11Se3 26% Li,0-11% Al,03-63% SiO, 1550 550
NygAq;1Ses 26% Na,0-11% Al,0;,-63% SiO, 1550 600
KoA11S63 26% K,0-11% Al,05-63% SiO, 1650 700
L13A11Sy6 13% Li,0-11% Al,03-76% SiO, 1750 630
LasA;Ss3 36% Li,0-11% Al,0,-53% SiO, 1450 525

mechanisms creates a complex mechanical loss spectrum highly sensi-
tive to short-range atomic-scale motion [26]. Building on this ability,
recent experiments by Waurischk et al. [27] have suggested a direct
link between DMA loss modes and energy dissipation during slow crack
growth.

Leveraging further mechanical spectroscopy in relation to macro-
scopic fracture toughness of oxide glasses, we combine here structural
characterization via Raman spectroscopy with internal friction mea-
surements to investigate how the cation field strength (Li, Na, K)
and lithium cation concentration influences the fracture toughness
in alkali-aluminosilicate glasses. We find that while K, increases as
anticipated with cation field strength [28], the lithium-concentration
variation deviated from this trend. We address this apparent discrep-
ancy by demonstrating a direct connection between fracture toughness
and the glass relaxation behavior. Specifically, our findings reveal a
strong correlation between the activation energy for y-relaxation and
the glass fracture toughness across both the cation field-strength and
Li-concentration series. Additional data extracted from the literature
for other silicate glasses follow the same trend. Whilst here specifi-
cally revealed for alkali-aluminosilicate glasses, this finding suggests
a rather general trend, where glasses with lower activation barriers for
structural relaxation may exhibit enhanced toughness.

2. Experimental

2.1. Glass synthesis, fundamental property determination, and glass struc-
ture

Glasses with the composition X,—(Al,05);—(Si0,),,, where X rep-
resents alkali oxides (Li,O, Na,O, or K,0) and » and m denote the
respective molar percentages, were synthesized by melting reagent-
grade precursors in Pt-Rh20 crucibles, as summarized in Table 1. The
starting materials comprised SiO, (Millisil, Quarzwerke GmbH), Al,O;
and K,CO3 (Merck KGaA), Li,CO5; (Emplura) and Na,CO5 (Supelco).
Melting was conducted at temperatures ranging from 1450 to 1750 °C,
with up to five batch refilling steps employed to prevent excessive
foaming, followed by a 4-hour fining period. The molten glasses were
subsequently cast into preheated molds at 300 °C and cooled gradu-
ally from 50 °C above the glass transition temperature, which in the
following is referred to as T,,,;.

The density (p) was determined using an analytical balance (ALJ
220-4, Kern) and an automatically temperature-controlled He-
pycnometer (Ultrapyc 5000, Anton Paar). Each density measurement
comprised 15 volume determination cycles performed at (20.000 +
0.002) °C, with the chamber volume adjusted to accommodate the
sample size. Glass transition temperatures (T,) were determined by
differential scanning calorimetry (DSC, Themys One+, Setaram). Mea-
surements were conducted in air at a heating rate of 10 K/min using
approximately 20 mg of glass powder in Pt crucibles. For each glass
composition, two consecutive heating and cooling cycles were per-
formed between room temperature and 900 °C. While the first cycle
yielded the fictive temperature, subsequent cycles were used for T,
determination following the methodology described by Mazurin [29].

Rectangular bar specimens with dimensions of 30 x 10 x 2 mm?
were prepared to determine the elastic moduli of the glass compo-
sitions. Elastic properties were measured using resonant ultrasound
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spectroscopy (RDFA Professional, IMCE) operated in impulse excita-
tion mode. Young’s moduli (E) were determined from flexural vi-
bration measurements at room temperature, where samples were ex-
cited by mechanical impulse and the resulting acoustic response was
recorded by a microphone. The elastic moduli of the samples were
calculated from the resonant frequencies using classical beam the-
ory implemented in the instrument’s software. Each reported value
represents the average of 20 independent measurements.

Raman spectra were acquired using a custom-built micro-Raman
system [30] comprising a sapphire single-frequency 488 nm laser (100
mW output power), an iHR 320 Horiba spectrometer equipped with a
Syncerity UV-VIS CCD detector, and an optical microscope. The system
utilized an 1800 lines/mm holographic grating and a long working
distance 50x microscope objective (OptoSigma PAL-50-L, NA 0.42)
for sample illumination and signal collection. All measurements were
performed at ambient temperature under identical conditions to ensure
reproducibility. Spectra were recorded over the frequency range of
25-1300 cm~! with appropriate integration times to achieve adequate
signal-to-noise ratios. Data processing was conducted using LabSpec
software (Horiba Jobin Yvon), where raw spectra underwent a back-
ground correction through a linear subtraction of the dark background,
followed by normalization to their total integrated intensity across the
range between 0-1200 cm~! to enable qualitative comparison of the
vibrational modes between the samples. This normalization approach
accounts for variations in scattering efficiency and sample positioning
effects.

2.2. Fracture toughness measurements

Leveraging the single-edge precracked beam (SEPB) technique fol-
lowing the ASTM standards for ceramics [31], as adapted for oxide
glasses [32,33], K;. was determined. Samples were machined into
rectangular bars with dimensions of 4.0 x 3.0 x 25 mm?’, and all
surfaces were polished to an optical finish using progressively finer grits
down to 3 pm. Ten specimens were prepared for each glass composition
listed in Table 1.

The SEBP method requires creating a controlled precrack for frac-
ture testing. For that, a row of Vickers indentations was placed along
the centerline of the narrow side (3 mm width) of each specimen. The
indentation load was optimized for each glass composition to ensure
reliable radial crack formation, while keeping lateral crack formation
minimal. The indentations were strategically spaced to allow corner
cracks from adjacent indents to interconnect, forming a continuous
starting notch. Precrack propagation was achieved using bridge com-
pression in a universal testing machine (2100, Zwick, 1 kN load cell).
The specimen was positioned with the indented narrow side spanning
a 7 mm groove, with indentations centered over the opening of the
groove. A compressive load was applied from above at 0.05 mm/min,
causing controlled crack growth across the specimen width. Loading
was carefully monitored and stopped when the crack approached the
specimen centerline.

We conducted three-point bending tests with the precracked sample
side at the bottom and subjected to a tensile stress state. Loading was
applied by lowering a ball pusher on the center of the sample at 0.9
mm/min until complete fracture of the specimen occurred. The span
width (S) was set to 20 mm, maintaining a span-to-width ratio of
approximately 5:1 per ASTM standards. Fracture toughness values were
calculated using established relationships for the SEPB geometry [33]:

P,.Y*

K = —"2—, 3
C BYW
where P, is the maximum load, B and W are the width of the narrow

(3 mm) and broad (4 mm) side of the sample. Y* is a geometry factor

defined as:

385 a2
vi=22 % _f), )]
W—a

N
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where, a represents the relative precrack depth (a/W). The precrack
length a determined as the average of measurements taken at 25%,
50%, and 75% positions across the specimen width B. The correction
factor f(a) accounts for the specific loading geometry and is calculated
as:

1.99 — (a — a?)(2.15 — 3.93a + 2.7a2)
14 2a ’

All measurements were done at room temperature (between 20.5 and
22 °C) and a relative humidity between 35%—40%.

Sfla) = (5)

2.3. Internal friction

Dynamic mechanical analysis (DMA, Eplexor model 150N and 25N,
Gabo) was conducted on 30 x 10 x 2 mm? bars polished with a 15
pm particle-size abrasive to obtain internal friction spectra. The force,
displacement, and phase lag (5§) were measured at a frequency (f) of
2 Hz during heating from room temperature at 1.5 K/min with 5 K
step intervals. To this end, we used an asymmetric three-point bending
configuration with a static preload of 4 N and a dynamic load amplitude
of 2 N, monitored by a 25 N force transducer with 0.1% accuracy. The
obtained results are presented as tan(§) versus temperature (7) curves.
For improved comparability between samples, the minimum zan(5)
value was normalized to zero and background subtracted according
to [24].

To determine activation energies (E,) of individual relaxation pro-
cesses, temperature-frequency sweep measurements were conducted at
frequencies of 0.2, 0.5, 2, 5, 20, and 50 Hz. The relaxation time (zg)
for each loss process was calculated using 7 ~ 1/(2xf) following estab-
lished methods [34,35]. Subsequently, the temperature corresponding
to the loss maximum was determined for each frequency by fitting
the peaks within approximately +10-15 K around the maximum using
the open-source software SpectraGryph [36]. Assuming Arrhenius-type
temperature dependence for sub-T, relaxation processes, activation
energies were determined from the slope (k) of semi-logarithmic plots
of 7 versus inverse temperature at the loss maximum (1/T), where R
is the universal gas constant, according to:

E, =In(10)kR. (6)

The activation energies (E ) were derived from the slopes of the linear
fits, with the associated uncertainties calculated from the standard
errors of the regression. The corresponding uncertainties are listed in
Table 3, demonstrating the robustness of the fits (R? > 0.95 in all cases).

3. Results
3.1. Thermo-physical and structural properties

Synthesizing the oxide glass yielded transparent glass blocks that
revealed no indications of residual stresses under polariscopic examina-
tion. Table 2 summarizes some of the glass properties obtained with the
methods outlined above and discussed in the following. The variation
of the glass density (p), glass transition temperature (7,), and Young’s
modulus (F) is presented as a function of cation field strength (upper
rows) and lithium content (lower rows) in Table 2.

Both p and T, increase with decreasing cation field strength, follow-
ing the order Li* < Nat < K*. In contrast, E exhibits the inverse rela-
tionship. When the lithium content increases, both p and E rise, while
T, decreases. These experimental results show excellent agreement
(deviation < 5%) with predictions from the SciGlass Database [37] and
trends reported in previous studies [38,39].

The Raman spectra of the different aluminosilicate glasses are sum-
marized in Fig. 1, where the two series are displayed in separate panels
for clarity. The top panel compares glasses with identical stoichiometry
but different alkali metals (Li, Na, K), while the bottom panel examines
the effect of varying lithium content in the L-A-S system. The Raman
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Table 2
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Overview of experimental data including fundamental glass properties (density p and glass transition temperature T,) and Young’s
modulus E. Following Ref. [9], a theoretical calculation of fracture surface energy y, , and intrinsic fracture toughness K; ,, was
conducted, see text in Section 3.2. Moreover, the fracture toughness values obtained from the SEPB technique, K, sy pp, are listed
for the individual compositions. The upper part of the table shows the evolution with decreasing cation field strength, while the
lower part of the table represents the change with increasing lithium content.

Glass p [g/cm®] T, [°C] E [GPa] Youn [J/m?] K., [MPay/m] Kyesppp [MPay/m]
LygA11Ses 2.365 509 + 5 79.4 + 1.9 3.58 0.75 0.78 + 0.02
Nag A1 Se3 2.467 545 + 5 66.6 + 1.6 3.38 0.67 0.67 + 0.06
KasA1; Sea 2.628 650 + 5 54.4 + 1.3 3.30 0.6 0.48 + 0.01
Li3A11Sye 2.330 584 + 5 77.7 + 1.8 3.57 0.75 0.89 + 0.02
LygAq; Ses 2.365 509 £ 5 79.4 + 1.9 3.58 0.75 0.78 + 0.02
LagA11Sss 2.381 474 + 5 82.9 + 1.8 3.56 0.77 0.83 + 0.03
spectra can be divided into four key regions: the Boson peak region (~
10-100 cm™1), low frequency modes (~ 200-700 cm™1), intermediate
frequency region (~ 700-870 cm™!), and high frequency region (~ —_ BP low frequency IF high frequency
870-1300 cm~1) [40], all of which are highlighted by different shades 5
of gray within Fig. 1. 8,
Although under continued debate [41], the Boson peak is generally >
attributed to collective transverse acoustic vibrational modes that be- ‘5
come quasi-localized due to structural disorder inherent to glasses [42]. 5
The structural origin for this low frequency enhancement of the vi- b=
brational density of states has been linked to regions characterized -
primarily by low elastic shear moduli, increased free volume, a hy- g e 5 Ay S
drostatic tensile pressure, and low bulk moduli [43]. The Boson peak o N26A11S76
seen in Fig. 1 exhibits systematic trends with composition. Its intensity . = K26A11S76
increases and frequency decreases with decreasing cation field strength ] : . : : ;
(Li* > Na* > K*) and decreasing lithium content. These trends align 0 200 400 600 800 1000 1200
with Refs. [44,45] and can be attributed to the progressive enlargement
of tetrahedral rings and cages in the glass network, which correlates —L13A11S76
with the observed increase in density. —tzsﬁugez
36711953

In the low frequency range (~ 200-700 cm~1), Si-O-Si bending
modes associated to tetrahedral rings with different sizes [46] con-
tribute to the spectrum. Noteworthy are the 4- and 3-member rings
breathing modes, 4MR and 3MR, respectively called the D, (around
490 cm™!) and D, peak (between 570-600 cm™!) [47,48]. According
to LeLosq et al. [45], the peak near 600 cm™! (DfiSiSi ) corresponds to
breathing vibrations containing only Si atoms, while the peak near 570
cm™! (DgiA’Si ) arises from contributions containing at least one AlO,
tetrahedron.

For the cation series, a relative decrease in 3MRs and increase
in 4MRs fractions is observed with increasing cation field strength,
indicating that the network contains more strained, compact tetrahe-
dral loops that facilitate network depolymerization, in accordance with
Ref. [49]. A similar trend is found within the lithium series, where
increasing lithium content (corresponding to decreasing Si content)
progressively indicates a more-disruptive network. Notably, the glass
with the highest lithium content (L3gA;;Ss3) exhibits a pronounced
relative increase in D;'4'S' vibrations, while the very weak overall
D, signal in the L;3A;;S;, composition points towards a nearly fully
polymerized network.

In the high-frequency region (~ 870-1300 cm~!), Raman spec-
troscopy may be used to identify Q" species. This region consists of
overlapping peaks within a broad band originating from T-O stretching
vibrations (where T = Si, Al), which arise from symmetric stretching of
different Q" tetrahedral units. Here, n represents the bridging oxygen,
while (4 - n) represents the number of non-bridging oxygen [50,51].
For simplification, the following average peak positions are assumed:
Q* ~ 1200 cm™1, Q3 ~ 1100 cm™!, Q% ~ 950 cm™!, Q' ~ 900 cm™1,
and Q° ~ 850 cm~! and additional contributions neglected, see also
Refs. [40,49]. The high-frequency region thus provides insight into the
degree of network connectivity and the distribution of different silicate
structural units within the glass network. For the cation series, the
spectral evolution reflects a similar modifier effect as observed in the

norm. intensity [a.u.]

1 1 1 1 1
0 200 400 600 800 1000 1200
Raman Shift [cm™!]

Fig. 1. Raman spectroscopy results for the cation (upper part) and the lithium
series (lower part). Data has been background-subtracted and normalized by
the overall area. The different shaded areas refer to Boson peak (BP) range,
low-, intermediate- (IF), and high frequency range.

low-frequency range, where cations with higher field strength promote
more disrupted network structures, evidenced by higher relative inten-
sities of depolymerized Q" species, similar to observations in Ref. [49].
As before, the spectral changes with increasing Li,O content indicate
progressive network depolymerization, consistent with the formation
of non-bridging oxygen sites. This depolymerization is manifested by a
gradual shift towards lower-connectivity Q" species (Q'/Q? peaks) and
their increased relative intensities.

3.2. Fracture toughness across cation type and composition

Prior to addressing the obtained mechanical properties, as deter-
mined by proper fracture toughness measurements, we consider a
theoretical estimate of the intrinsic fracture toughness, K; ., via the
theoretical fracture surface energy, y,,,, as proposed in Ref. [9]. This
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approach relies on the mean bond strength of bonds taking part in the
fracture process as well as the overall atomic surface density, as follows:

1, p 2 -1
Youn = E(VO)-’NAS in"iUow 7

where M, is the molar mass of a representative unit, N, the Avogadro
number, x; the molar fraction of the constituent i, n; = 0,1 the switching
parameter with adapted percolation conditions from [13], and U, the
diatomic cation-oxide bond energy. K;.,, for plane strain is subse-
quently obtained by following linear-elastic fracture mechanics [10]:

2Eyon
Krem=\T02 ®

where v is the Poisson’s ratio. The individual v-values were taken from
SciGlass database predictions [37]. The theoretical fracture surface en-
ergy and fracture toughness values for the different glass compositions
are shown in Table 2. Within the cation series (Li-Na-K), a decreasing
K. is found, whereas the change in Li,O-content returns essentially
unaltered K. ,,-values based on the used model. The increase in
K;.p-values observed for the cation series can be attributed to the
corresponding increase in Young’s modulus with cation field strength.
In contrast, the lithium series exhibits relatively constant K., because
both the Young’s modulus E and theoretical fracture surface energy
Yo, Temain nearly unchanged for similar glass compositions within the
same ternary system [13].

As a second step of the fracture-behavior analysis, K;, measure-
ments were pursued. These follow the ASTM C1421 standard [31] and
the results are summarized in Fig. 2, where the left panel of the plot
emphasizes on the evolution of K;, with varying cation field strength,
while the right panel of Fig. 2 shows the evolution with increasing Li-
content. All compositions, except Ko6A1;Sg3, yielded complete datasets
with more than 5 valid measurements according to ASTM standards.
Ky6A11Se3 produced only two valid data points, which were retained
for comparison despite reduced statistical reliability. While the fracture
toughness of the cation-series ranges between 0.48 and 0.78 MPa\/E
and suggests a linear increase of fracture toughness with increasing
cation field strength (K* < Na* < Li"), the change in the lithium
series is less trivial with increasing toughness in the order of Li;3A;;S7¢
> LiggA;1Ss3 > LiggAq;Se3 and values ranging between 0.78 and 0.89
MPa \/ﬁ All values can be found in Table 2, which separately compares
all fracture toughness values as obtained with both approaches used
here.

3.3. Internal friction

The results from the internal friction experiments are summarized
in Fig. 3, where panels 3a and 3b show the mechanical relaxation
spectra as tan(8) vs. T for the cation and lithium series, respectively.
A frequency of 2 Hz was used for all measurements in Figs. 3a and 3b.
For all analyzed glasses, three distinct relaxation signatures are present
in the form of peaks. These are:

+ the y-peak: Low-temperature relaxation occurring between 200
and 350 K (0.25-0.4xT,), attributed to short-range motion (hop-
ping) of alkali ions (e.g Lit, Na*, K*) between nearby non-
bridging oxygen (N BO) sites [24].

the p-peak: Mid-temperature relaxation attributed to relaxation
processes involving the regional motion or reorientation of struc-
tural units [52] and cooperative movements of alkali, N BOs and
water ions [53,54], appearing in our glasses between 350 and 650
K (0.5-0.8xT,).

the a-peak: High-temperature relaxation caused by global net-
work relaxation phenomena, directly connected to viscosity and
glass transition temperature [24], accompanied by a strong tan(5)
signal. Due to bending of the glass specimen before reaching
the maximum temperature (~ 20 K below T,), only the low-
temperature shoulder could be obtained.

Materials Today Advances 29 (2026) 100669

In addition, temperature-dependent measurements at frequencies
ranging from 0.2 to 20 Hz were conducted. A representative evolution
of the y-relaxation peak as a function of frequency is shown in Fig.
3c for the L,sA;S¢; composition, where a shift to higher tempera-
tures and a decrease in the tan(5) loss signal is accompanied by peak
broadening with increasing testing frequency. This agrees well with
early frequency trends of the y loss-mode and its interpretation for
both oxide [24] and metallic glasses [55]. By plotting the frequency-
dependent temperature of the fitted y-peak maxima in panel 3d, the
effective activation energy for the underlying structural dissipation can
be extracted using the Arrhenius method, yielding the values listed in
Table 3.

4. Discussion

The above results shed light onto two different types of properties
of the investigated alkali-aluminosilicate glasses, one of which focuses
on structural aspects, whereas the other covers mechanical properties
of both studied series. Beginning with the fracture toughness determi-
nation, important deviations from both the theoretical predictions and
conventional expectations are found. This is clearly depicted in Fig. 4,
summarizing K., as a function of K;, grpp-

Within the cation series (Li-Na-K), the expected general trend
of increasing K;, with cation field strength [28] is found, ranging
from 0.48 to 0.78 MPa\/Z. This behavior reflects the influence of
higher elastic moduli and enhanced network compression associated
with stronger cation field strengths, consistent with measured Young’s
modulus values and theoretical predictions for K. ,,. Within this series,
however, the K-containing glass underperforms relative to its theoret-
ical fracture toughness. This might be a result of only two valid SEPB
measurements causing lower values by random experimental error or
due to the possible presence of water on the surface. Water is known
to reduce the apparent fracture surface energy, 7,,,, by 4y, likely
as a result of the higher hydrolysis susceptibility of potassium [56].
This in turn facilitates water-assisted crack growth and enhances stress
corrosion during fracture-related testing, as commonly observed in
alkali-containing silicate glasses [57,58].

In contrast to the well-behaving cation series, the lithium concentra-
tion series presents a distinct deviation from the theoretical predictions,
overperforming relative to the expectation. While the model of Ref. [9]
suggests minimal variation in K;,,, with lithium content (0.75-0.77
MPa+/m), experimental measurements show a more complex relation-
ship with values ranging from 0.78 to 0.89 MPa\/E. The highest
fracture toughness is observed for the Li;3A;;S;¢ composition, followed
by LisgA;1Ss3 and LisgAq;Sgs, see also Table 2. This non-monotonic
behavior cannot be explained solely by changes in bond strength or
atomic packing density, suggesting that additional mechanisms, 4y,
contribute to the enhanced toughness likely arising from atomic-scale
dissipation mechanisms.

As introduced earlier, local structural rearrangements, specifically
bond-swapping and changes in coordination number of network-forming
species, enable local plastic excitations and therefore stress-driven dis-
sipation at the nanoscale [16,18,19]. In alkali-aluminosilicate glasses,
these bond-switching events are expected to cause subsequent local
rearrangements of nearby alkali ions to maintain charge balance and
to minimize local strain energies, particularly near AlOZ—units [59].
Consequently, the propensity for such bond-switching events has been
reported to correlate with ion mobility [19] and thus short- and
medium-range order [21].

One possibility to assess these local rearrangement of alkali ions
is by examining the y-relaxation behavior in the mechanical spectra
obtained by DMA. The effective activation energy for the associated
structural excitation of alkali cations within different glasses was ex-
tracted from the Arrhenius plot in Fig. 3, which is returning activation
energies summarized in Table 3. These values are small, effectively of a
similar order as in the higher-temperature liquid, which suggests easy
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Fig. 2. Fracture toughness of alkali-aluminosilicate glasses measured using the SEPB technique as a function of cation field strength (left panel) and Li,O content
(right panel). The left panel shows that K, increases with cation field strength (K* < Na* < Li*), while the right panel reveals a non-linear relationship between
K, and lithium content. Error bars represent standard deviations from multiple valid measurements.
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Fig. 3. Overview of mechanical relaxation behavior of the alkali-aluminosilicate glasses obtained by DMA: The internal friction behavior at constant frequency
(2 Hz) presented as loss factor tan (6) vs. temperature for glasses with different cation species (a) and varying Li,O content (b). Clear temperature shift of the
y-relaxation peak with increasing frequency represented by the L,sA;;Sg; composition in (c). Arrhenius plot of relaxation time (z) extracted from peak position,
see (c), highlighting compositional differences in activation energy E, in panel (d).

Table 3
Activation energies E, for short-range cation hopping in different glasses extracted from the slope in the Arrhenius
plot from Fig. 3 summarized in [kJ/mol] and [eV].

L26A11 563 N26A11 563 K26A11 563 L13A11 S76 L26All 563 L36All SS3
E, [kJ/mol] 627 + 2.9 72.3 + 1.0 842 + 1.3 475 + 1.5 62.7 + 2.9 51.3 + 1.1
E, [eV] 0.650 + 0.030  0.750 + 0.010  0.873 = 0.013  0.492 + 0.016  0.650 + 0.030  0.532 = 0.011
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Fig. 4. Correlation between K, determined from SEPB tests (K, gzpp) and
theoretical calculations (K. ) for different glass compositions. The dashed
line represents perfect agreement between experimental and theoretical values,
corresponding to purely brittle fracture with no energy dissipation. Data points
lying right of this line indicate the presence of energy-dissipating mechanisms
during crack propagation, where the experimental fracture toughness exceeds
the theoretical prediction based on surface energy alone.

diffusion of the underlying fast y-relaxation, which is also the case for
metallic glasses [55,60]. Interestingly, the values of activation energy
for different glasses show a similar trend with linear ranking within
the cation-series, and non-linear evolution within the lithium-series.
More importantly, however, the E, values are inversely correlated with
the previously discussed K;--values of all the studied glasses, as can
be seen in Fig. 5. This inverse correlation suggests that compositions
with more restricted cation excitation environments (higher activation
barriers) tend to have reduced capacity for energy dissipation during
crack propagation, resulting in more brittle fracture behavior.

To better understand the difference in relative mobility of metal
cations in the investigated glass compositions, we assume that the
activation energy for y-relaxation is, to a first approximation, similar to
the one obtained from ionic-conduction experiments [61]. According to
the Stuart and Anderson model [62], ion conduction in glasses occurs
via thermally-activated transport between energetically favorable sites,
with the mobility governed by ionic radii and valence of the migrating
species, the availability of empty neighboring sites, and the structural
openness of the glass network.

The decrease in activation energy across the cation series can hence
be attributed to two complementary factors. Firstly, smaller and more
agile cations (Li < Na < K in size) promote enhanced ion movement due
to their reduced spacial hindrance. Secondly, the Raman spectra in Fig.
1 show that the glass network becomes progressively less constrained
with decreasing cation field strength (Li* > Nat > K*). This trend is
reflected by relative increase in 3MRs and decrease in 4MRs fractions,
consistent with a more open and less tightly bound network. The
combination of these effects provides a comprehensive explanation for
the observed ranking of E,-values within the cation series, aligning
well with other mixed-alkali silicate glasses [63].

In contrast to the cation series, the behavior of the lithium series
presents a more complex scenario, which cannot be solely explained
by the progressive evolution of structural units (and their vibrations)
observed in the Raman data. The L;3A; S, composition, where nearly
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all AlO; tetrahedra are fully charge-compensated by Li,0, lies close to
the so-called tectosilicate line and represents a nearly fully polymerized
glass structure, as supported by the Raman spectra in Fig. 1. According
to Ross et al. [64], such aluminosilicate compositions are efficient
lithium ion conductors with extensive lithium percolation pathways,
resulting in a minimum activation-energy value. In this unique struc-
tural configuration, lithium ions are positioned in direct proximity to
AlO; tetrahedral units, creating well-defined pathways for ion transport
with optimal percolation between accessible sites and minimal ion-ion
repulsion. Given this pronounced structural heterogeneity and the fact
that structural partitioning into networks of low energy motifs inter-
spersed with more mobile domains is effective in delocalized structural
dissipation in model glasses [65-68], it is therefore not surprising that
this composition also represents the toughest here studied glass.

However, within the lithium series a non-trivial trend is seen with
the introduction of excess Li-cations. This leads to a structural change,
where deep local potential wells are created as lithium ions become
surrounded by non-bridging oxygen (NBOs) and bridging oxygen bonds
in Si-O-Al units [59,64]. The migration of lithium ions from these
energetically favorable regular sites to interstitial positions requires
high activation energy, rationalizing the rise in E, and drop in K/, for
LygAq1Se3- With further addition of lithium and therefore an increasing
Li,O concentration, an abundance of excess Li-cations emerges, which
in turn creates a more open network structure with enlarged interstitial
spaces. This structural development should again enhance the ionic
mobility, which is also compatible with a lower E, for LggA1;Ss3
than for LygA;;Se3- A comprehensive structural explanation for this
non-linear trend remains inaccessible to this point and would require
precise quantitative fitting of the Raman spectra supported by addi-
tional characterization beyond the scope of this work. Variations in Al
coordination environment, which could be tested by 27Al MAS NMR,
may contribute to the observed non-monotonic behavior by modifying
the network structure and Li-ion dynamics. Although not examined
here, such coordination changes have been reported in related alu-
minosilicate systems [69], suggesting that Li-induced redistribution
between tetrahedral and higher-coordinate Al species could underlie
the relaxation behavior observed in our DMA results.

Whilst detailed structural knowledge is needed to interpret the non-
trivial trend within the lithium series, Fig. 5 provides a compelling
argument for that activation energies of secondary loss modes may be
a strong experimental guide in exploring structural avenues for glass
toughening. Interestingly, the correlation persists when extended to
other glass types, as shown here with studied glasses by [27,70,71],
including soda-lime-silicate (NCS), borosilicate (BSC), and aluminosil-
icate (AS), see Fig. 5. These systems differ in E, and K -values,
but more importantly, in glass and network structure. Instead of fit-
ting all glass data to one trend line, separate fits are made for the
experimental and literature data. This choice is motivated based on
experimental uncertainties and therewith potentially large errors of
the related quantities when extracted from the literature. However, all
data in Fig. 5 does suggest a general trend, which future work has to
corroborate across numerous glass families. Overall, this shows how
elastic properties and bonding strength, as entailed by Egs. (7) and
(8), as well as dissipative processes captured by Eq. (2) co-contribute.
In other words, the y-mode activation energy is an important factor
inversely affecting the fracture toughness, but should not seen as the
only factor. Even though the exact structural origins of this phenomeno-
logical, yet striking, correlation remain inaccessible at this time, the
obtained scaling does motivate a fundamental relationship between K,
and activation energy barriers, indicating that atomic-scale volumetric
dissipation may be a fundamentally exploitable mechanism in oxide
glass toughening.
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toughness values. Gray regression lines are only a guide to the eye. As discussed in the associated text, the K-containing glass of the here investigated glasses

has been excluded from the regression.

5. Summary

In summary, this work investigates a possible connection between
available low-energy fast y-relaxation modes present in different types
of alkali-aluminosilicate glasses and their macroscopic fracture tough-
ness. Specifically, two different compositional series are considered,
including a cation series with Li, Na, and K, and a Li-concentration
series. Pursuing both mechanical and structural characterization, we
find

« distinctly different fracture toughness trends, where the cation
series shows an anticipated larger toughness with increased cation
field strength, whereas increasing Li-content reveals a non-trivial
toughness evolution.

a noticeably larger measured fracture toughness within the Li-
series than expected based on the intrinsic theoretical fracture
toughness given by Ref. [9], which indicates dissipative processes
beyond local bond rupture on the cleavage surface.

that glasses within the Li-series admit fast y-relaxation processes
with much lower effective barrier energies than within the cation
series.

a clear inverse relationship between the fracture toughness and
the effective y-relaxation barrier energy that encompasses all
glasses from both investigated series.

clear structural indications in Raman spectra that rationalize the
enhanced fracture toughness and low effective barrier energy
based on enhanced depolymerization and structural heterogeneity
in the Li-containing glasses.

These finding bring to light how low-barrier ion hopping, repre-
sentative of fast secondary relaxation in alkali-aluminosilicate glasses,
effectively relate to intrinsic toughening. The fact that the barrier
energy of this dissipative process correlates inversely across all glasses
of the cation and Li-concentration series indicates that a rather general
phenomenon relevant for glass toughness is at play. Indeed, additional
silicate glasses with very different network structures do also most
broadly fit this trend. This emerges, despite the fact that dynamical
mechanical spectroscopy is volume probing, whereas fracture tough-
ness measurements typically are considered to reflect bond-rupture
processes directly at the crack tip. One may therefore conclude that
ample access to sufficiently low barrier excitations can give rise to
dissipation far away from the crack tip, which offers an unexplored
pathway to tackling brittleness of oxide glasses.
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