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A B S T R A C T

Hot-compression treatment has emerged as an effective method for improving mechanical properties of oxide 
glasses. However, the pressure-induced structural changes that are responsible for the enhanced mechanical 
properties have remained elusive. Using molecular dynamics simulations, we find that increasing pressure 
significantly improves the fracture toughness and nano-ductility of a calcium aluminosilicate, consistent with 
experiments. The enhanced mechanical properties can be traced back to the increase of atomic coordination 
numbers, decrease of oxygen-centered bond angles, as well as reorganization of medium-range structure as seen 
from the change of network topology. Moreover, our simulations highlight oxygen tri-clusters ((3)O) as critical 
sites for enhancing fracture toughness and nano-ductility, as they are active for dynamic bond rupturing and 
reformation. These findings help to understand how hot compression alters the structure and mechanical 
properties of oxide glasses, insights that are crucial for improving mechanical performance of network-forming 
materials.

Alkali and alkaline earth aluminosilicate glasses have become 
important materials in many industrial and technological applications, 
such as nuclear waste storage [1,2], touchscreens [3,4], and liquid 
crystal display substrates [5,6]. The introduction of Al2O3 plays a crucial 
role in improving the chemical durability, mechanical properties, and 
various thermodynamic behaviors of the glass. For example, Yoshida 
et al. [7] showed that with an increase in Al2O3 content, the rigidity of 
sodium aluminosilicate glass was enhanced, which increased the like-
lihood of crack initiation and reduced the crack initiation load. Ke et al. 
[8] found that increasing the alumina-to-silica ratio in magnesium 
aluminosilicate glass significantly improved the hardness and crack 
resistance of the glass.

In addition to composition, temperature and pressure are also two 
additional effective ways to control glass structure and tailor glass 
properties, including not only optical transparency [9,10], but also 
mechanical performance. For instance, Guerette et al. [11] demon-
strated that under high-temperature (1100 ◦C) and high-pressure (8 
GPa) conditions, the density of silicate glass increased by about 25 %, 
and the Young’s modulus increased by about 71 %. Lee et al. [12] 
observed that hot-compression treatment can promote the densification 

of borosilicate glass, thereby improving its Young’s modulus and frac-
ture toughness. Notably, based on the discovery of quasicrystalline 
materials with medium-range order [13].A recent study [14] have found 
that 3CaO-Al2O3–3SiO2 glass, under high-temperature (1000 ◦C) and 
high-pressure (15 GPa) annealing treatment, forms a paracrystalline 
structure inside, significantly improving its fracture toughness, reaching 
up to 1.99 ± 0.06 MPa⋅m1/2, surpassing all known oxide glasses. These 
results indicate that the structural changes in glass caused by thermal 
and pressure treatments are not only significant but also extremely 
complex, further highlighting the importance of gaining a deeper un-
derstanding of the internal structural changes for developing glasses 
with better performance.

Therefore, in this work we focus on the 3CaO-Al2O3–3SiO2 system, 
with the best fracture toughness on record among all known oxide 
glasses [14], and extensively investigate the effects of hot-compression 
treatment at different pressures on the glass structure and properties 
through molecular dynamics simulations. These microscopic insights 
are crucial for understanding the structural response of aluminosilicate 
glasses under pressure and improving their mechanical properties.

Classical molecular dynamics (MD) simulations were performed on 
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the 3CaO-Al2O3–3SiO2 (hereafter denoted as CAS) glass system. The 
simulation used the two-body effective potential (SHIK potential) 
recently developed by Sundararaman et al. [15–17], which has been 
demonstrated to reliably describe the structural, mechanical, and sur-
face properties of multicomponent silicate glasses [18–20]. The key 
steps for preparing glass samples by conventional melt-quenching 
methods are as follows: First, 5000 atoms are randomly inserted into a 
cubic simulation box (4 × 4 × 4 nm³), with an initial density of 2.83 
g/cm³ (as measured experimentally). The sample undergoes a 
melt-equilibration process at 3000 K, followed by cooling to 300 K at a 
rate of 1 K/ps and relaxing for 125 ps at 300 K. The entire process is 
carried out in an NPT ensemble under zero pressure conditions, with 
periodic boundary conditions applied in all directions. This whole 
melt-quenching procedure has been fully validated and widely used in 
our previous studies [19,20]. To obtain the hot-compressed samples, the 
liquid sample at 1600 K (approximately 1.2 Tg) was subjected to pres-
sures of 5 GPa, 10 GPa, and 15 GPa, respectively, and maintained at the 
temperature and pressure for 125 ps to allow for adequate structural 
relaxation. Subsequently, the samples were cooled at a rate of 1 K/ps to 
300 K, after which the pressure is released at a rate of 0.1 GPa/ps. 
Finally, the sample was relaxed again for 125 ps under zero pressure.

To assess the dependence of Young’s modulus (E) and fracture 
toughness (KIC) on pressure, approximately 650,000 atoms were 
randomly placed in a slab simulation box (54 × 54 × 3 nm³). The 
preparation of the initial sample and hot-compressed samples followed 
the steps described above. A pre-crack with a length of 15 nm and a tip 
radius of 0.6 nm was then introduced at the center of the sample 
thickness. After energy minimization, the pre-crack structure was 
relaxed for 200 ps at 300 K in an NPT ensemble. The pre-crack structure 
was then gradually stretched along the crack’s perpendicular direction 
until fracture occurred, with a strain rate of 0.5 nm⁻¹. This process has 
been widely validated with successful results [21–23]. E was calculated 
from the stress-strain curve obtained from the stretching simulation by 
performing a linear fit on data within the strain range of 0–0.5 %. KIC 
was calculated using the method proposed by Brochard et al. [24]. 

Specifically, the formula for KIC is KIC=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
E × Gc

√
, where Gc = LyLZ

ΔA∞

∫ε
f
xx

0 
Lxσxx dεxx is the critical energy release rate, Lx, Ly, and Lz are the di-
mensions of the initial model in each direction, ΔA∞ is the new crack 
surface area formed during crack propagation, εf

xx is the maximum strain 
in the x-direction, and σxx and εxx are the stress and strain in the 
stretching direction, respectively. To enhance the reliability of the re-
sults, three parallel experiments were performed for each sample to 
obtain an average value and a standard deviation.

Fig. 1 illustrates the pressure-dependent evolution of density, glass 
transition temperature (Tg), Young’s modulus (E), fracture toughness 
(KIC), and oxygen tri-clusters ((3)O) content in aluminosilicate glasses. 
The density increases monotonically with pressure (Fig. 1a), with mo-
lecular dynamics (MD) simulations showing close agreement with 
experimental measurements. Tg, determined from the intersection of 
linear fits to the potential energy-temperature curve (Fig. 1b), rises 
systematically with pressure, which can be attributed to the reduction in 
non-bridging oxygen content, indicating enhanced network connectivity 
[25]. Young’s modulus (E) increases with pressure (Fig. 1c), due to the 
enhanced density, increased network rigidity, and improved 
medium-range order [11,26–28]. However, the simulated values are 
lower than experimental data, likely due to structural differences, i.e., 
lower medium-range order, particularly the absence of paracrystalline 
structures (discussed further below). Experimentally, KIC increases by 
107 % (from 0.96 ± 0.04 MPa⋅m1/2 to 1.99 ± 0.06 MPa⋅m1/2) between 
10 and 15 GPa (Fig. 1d), while simulations show deviations above 10 
GPa, failing to accurately reflect this trend, likely due to the absence of 
experimentally observed paracrystalline structures [14]. The inherent 
limitations of MD—namely, ultrafast cooling rates (~1012 K/s) that 
suppress medium-range order—explain this discrepancy [29]. Notably, 
Fig. 1(d) also shows that the (3)O content exhibits a trend similar to KIC 
across the pressure range studied, indicating that (3)O plays a key role in 
enhancing the KIC of aluminosilicate glasses.

The mechanical response of aluminosilicate glass under pressure 

Fig. 1. The distribution of (a) density, (b) glass transition temperature (Curves with different pressures are shifted in the y-axis for clarity.), (c) Young’s modulus, (d) 
fracture toughness and oxygen tri-clusters under different pressures.
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Fig. 2. Stress-strain curves of glass under different pressures. (a1)-(a3) show snapshots of the (3)O bond environment changes at ε = 0.00, 0.02, and 0.06, 
respectively, for glass subjected to hot-compression at 15 GPa. The atoms are colored as follows: oxygen (red and green), silicon (blue), calcium (yellow), and 
aluminum (pink). The dashed circle (red) indicates (3)O.

Fig. 3. The distribution of the (a) X-ray scattering structure factor, (b) range (1–8 Å-1) X-ray scattering structure factors of the simulated data, (c) medium-range 
(5–20 Å) pair distribution function, and (d) pair distribution function of glass under different pressures. Curves in the (a) and (d) with different pressure are shif-
ted in the y-axis for clarity. The data on the breakpoint line and the lower part of (c) are experimental data from Ref [14].
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varies across both small-strain (elastic) and large-strain regimes. Fig. 2
shows stress-strain (σ-ε) curves at different pressures. The initial un-
compressed glass (0 GPa) displays brittle fracture behavior, character-
ized by a nearly linear σ-ε relationship up to maximum strength, 
followed by abrupt stress drop without softening (Fig. 2). With 
increasing pressure, the glass exhibits progressive enhancement in post- 
yield softening and nano-ductility. Concurrently, fracture toughness 
(KIC) increases with pressure, aligning with trends reported by Guerette 
et al. [11]. While our simulations demonstrate clear improvements in 
KIC and nano-ductility under pressure, they reveal a decrease in fracture 
strength (peak stress in σ-ε curves) that contrasts with experimental 
observations [14]. This apparent discrepancy likely attributed to para-
crystalline structures, which has been shown to be strengthening phases 
that are crucial for making the material stronger [14]. Such mesoscale 
ordered domains are absent in our simulations, hence lacking a mech-
anism to increase strength. In contrast, the structural reorganization on 
the local scale, i.e., the formation of (3)O might be amplified since this 
becomes the primary path to densify the glass, in contrast to previous 
experiments. Such a structural difference may further reduce the 
strength in the hot-compressed glass sample.

To probe the role of (3)O in fracture behavior, we analyzed their 
bonding dynamics under tensile strain. Fig. 2(a1)-(a3) sequentially 
capture the evolution of (3)O bonding environments in 15 GPa hot- 
compressed glass during deformation. A distinct bond rupture- 
reformation cycle is observed for (3)O sites during stretching. This dy-
namic behavior enhances fracture resistance through two synergistic 
mechanisms: (i) The ionic nature of (3)O bonds lowers their activation 
energy for reorganization compared to covalent Si/Al–O bonds [30], 
enabling preferential bond switching to dissipate strain energy. (ii) The 
structural flexibility of (3)O facilitates localized shear flow, mitigating 
stress concentration at crack tips. These findings reconcile with recent 
reports [31] emphasizing (3)O’s role in improving toughness and 
nano-ductility in calcium aluminosilicates. Crucially, the simulations 

demonstrate that (3)O-driven plasticity operates independently of crys-
tallization—no paracrystalline phases were detected, contrasting with 
experimental interpretations attributing KIC gains to [AlO6]-rich para-
crystalline domains [14]. While (3)O may coexist with such domains 
experimentally, its dynamic behavior here is intrinsically tied to glassy 
disorder, decoupling its role from crystallization effects. This finding 
aligns with recent experimental and simulation studies [31,32] con-
firming the critical role of (3)O in toughening calcium aluminosilicate 
glasses. While simulations show that (3)O alone enhances fracture 
toughness by 33 % from 10 to 15 GPa, the experimental KIC increase of 
107 % suggests synergistic contributions from both (3)O dynamics and 
paracrystalline structures—the latter absent in simulations due to ul-
trafast cooling rates. The spatial correlation between (3)O and [AlO6] 
sites (Fig. 5b) provides a mechanistic link: (3)O may facilitate local 
structural flexibility and energy dissipation, potentially nucleating 
paracrystalline domains under experimental conditions. Thus, (3)O 
likely provides a foundational toughening mechanism, which para-
crystalline structures further amplify.

To assess pressure-induced structural evolution, Fig. 3 compares 
simulated and experimental [33] X-ray scattering structure factors (S 
(Q)) and pair distribution functions (PDFs). The simulated S(Q) peak 
positions align approximately with experimental data (Fig. 3a). With 
increasing pressure, the first S(Q) peak shifts to higher Q values 
(Fig. 3a), consistent with the density increase shown in Fig. 1(a), while 
its sharpening and intensification (Fig. 3b) suggest enhanced 
medium-range order (MRO). However, the simulated first peak exhibits 
lower intensity than experimental results, reflecting reduced MRO in 
simulations. This discrepancy is more pronounced in the PDF’s 
medium-range region (r6–r9, Fig. 3b), where pressure intensifies peak 
amplitudes, further supporting MRO enhancement. Experimentally, 
short-range structural changes manifest as sharpened PDF peaks in the 
r3–r5 range (Fig. 3c), a feature absent in simulations. This discrepancy 
may be attributed to differences in cooling rates, pressurization and/or 

Fig. 4. The distribution of (a) average bond length, (b) average bond angle, (c) average coordination number, and (d) the bridging oxygen and non-bridging oxygen 
of glass under different pressures. The error bar is less than or equal to the size of the symbol.
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depressurization rates, and other conditions between the experimental 
and simulation processes.

Fig. 4 summarizes pressure-induced changes in bond lengths, bond 
angles, coordination numbers (CNs), and oxygen speciation (bridging 
oxygen, BO; non-bridging oxygen, NBO). The average bond lengths of 
Si–O, Al–O, and Ca–O show minimal variation with pressure (Fig. 4a), 
due to the high strength and rigidity of the bonds. Oxygen-centered bond 
angles decrease significantly under high pressure: Si–O–Si declines from 
134.4◦ to 119.2◦, Al–O–Al from 122.6◦ to 113.9◦, and Si–O–Al from 
130.8◦ to 123.0◦ (Fig. 4b), while tetrahedral O–Si–O and O–Al–O angles 
remain statistically unchanged, which is consistent with the well-known 
theory of rigid units in glass (rigid [SiO4] and [AlO4] tetrahedra). The 
CNs of Si-O increase from 4.00 to 4.3, Al-O from 4.0 to 4.5, and Ca-O 
from 5.8 to 6.6 under high pressure (Fig. 4c), respectively. This trend 
agrees with the nuclear magnetic resonance (NMR) studies of hot- 
compressed calcium aluminosilicate glasses, including compositions 
3CaO-Al2O3–6SiO2 [34] and 41.9CaO-18.9Al2O3–39.2SiO2 [35]. 
Concurrently, the proportion of BO (including (3)O) rises from 65.4 % to 
70.6 %, while NBO decreases from 33.2 % to 28.2 % (Fig. 4d). These 
structural trends align with prior studies [36–40], where permanent 
densification correlates with reduced oxygen-centered bond angles and 
increased CNs. Notably, the degree of polymerization in the glasses, 
defined as the ratio of NBO/T (T refers to the number of 
four-coordinated network-forming cations, Si and Al), approaches 2.0. 
This suggests a highly polymerized glass structure with an increase in 
viscosity under high pressure as stated by a previous study [41].

Beyond short-range order, medium-range structural features evolve 
under pressure. Fig. 5 presents the changes in Qn distribution (“n” de-
notes the number of bridging oxygens per network-forming atom) and 
ring size distribution. In the initial uncompressed glass, Q3 and Q4 

dominate, with minor Q2 and negligible Q5. Pressure reduces Q2~Q4 

proportions while increasing Q5 and Q6, consistent with the observed 
decline in NBO content and rise in density, CNs, and BO content (Figs. 1a 
and 4c-d). The [AlO6] octahedra structure [14] is also observed in the 
simulation, which accounts for 5.3 % of total Al. All Al in [AlO6] are 
associated with (3)O (Fig. 5b), though the majority of (3)O remains linked 
to [SiO4], [SiO5], [AlO4], and [AlO5]. In addition, Ring size analysis 
(primitive ring criterion [42]) reveals a broad distribution (Fig. 5c). 
Pressure increases small rings (n ≤ 4) but also elevates intermediate (n =
5–7) and large (n ≥ 8) rings, particularly above 10 GPa. The simulta-
neous proliferation of all rings under pressure indicates structural het-
erogeneity increases with densification. This counterintuitive 
trend—enhanced MRO coexisting with ring size diversification—high-
lights the complex interplay between network polymerization and to-
pological disorder.

In conclusion, this study elucidates the interplay between hot- 
compression, structural evolution, and mechanical enhancement in 
calcium aluminosilicate glass. The observed improvements in stiffness 
(E), fracture toughness (KIC), and nano-ductility under pressure appear 
to arise from two complementary structural mechanisms: 

• Dynamic (3)O bonding behavior: The reversible rupture-reformation 
cycle of (3)O bonds promotes energy dissipation and shear accom-
modation, directly enhancing KIC and nano-ductility.

• Network polymerization: Pressure-driven conversion of Q2-Q4 to Q5 

and Q6 species and increased CNs amplify network connectivity and 
MRO, indirectly improving stiffness (E) and thermal stability (Tg).

Notably, the co-occurrence of (3)O dynamics and Q5/Q6 formation 
suggests these processes are intertwined rather than independent. While 
MD simulations indicate that (3)O-driven plasticity can operate without 
paracrystalline phases, experimental observations of [AlO6]-rich do-
mains highlight the need to reconcile glassy disorder and incipient 
ordering under high pressure.

The pressure-induced broadening of ring size distributions further 
implies that densification may amplify structural heterogeneity—a 
counterintuitive finding that merits deeper exploration. These insights 
tentatively suggest that optimizing (3)O populations and network con-
nectivity could improve glass performance via pressure processing, 
though practical applications will require balancing competing struc-
tural effects. Future work should address MD-experimental discrep-
ancies in KIC trends and probe the universality of (3)O mechanics across 
glass compositions.
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