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Al,03-Si0, binary glasses with structural and chemical heterogeneities were prepared by consolidating
glassy nanoparticles with different compositions using classical molecular dynamics simulations. Consol-
idated glasses show both excellent ductility and enhanced flow strength. It was found that the structural
heterogeneities such as over-coordinated network formers and neighboring oxygen induced during con-
solidation serve as plasticity carriers to increase the ductility. On the other hand, the enhanced yield
strength in consolidated glasses is due to the chemical heterogeneity inherited from the starting glassy
nanoparticles, which does not compromise the ductility. Furthermore, apparent work hardening behavior
appears upon cold work in the consolidated glasses, with an increase in yield strength from ~3.3 to ~6.4
GPa after 40% cold work. Consolidation with glassy nanoparticles could be a viable way to synthesize
strong, damage resistant and transparent oxide glasses that cannot be obtained through the traditional
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1. Introduction

Oxide glasses are widely used in energy, electronic and engi-
neering applications (e.g., solar panels, optical fibers, automobile
and building windows), thanks to their superior optical, thermal
and chemical properties [1-3]. However, oxide glasses are gener-
ally brittle due to their high resistance to shear flow and low re-
sistance to crack propagation [4,5]. Consequently, the damage re-
sistance and practical strength of oxide glasses are usually very low
[6]. Particularly, the fracture toughness (K;c) and failure strength of
oxide glasses are typically much lower than high-strength metal-
lic alloys [7,8]. Such brittleness is one of the most serious lim-
itations for the current commercial application of oxide glasses.
Hence, there is a pressing need to toughen oxide glasses. As the
elastic moduli of oxide glasses are generally comparable to high-
strength metallic alloys, damage resistant oxide glasses would have
the potential to serve as load-bearing structural materials.

Many efforts have been made to increase the damage resis-
tance of oxide glasses. The most widely used strategy is surface
strengthening, which can inhibit crack propagation with a pre-built
compressive stress near glass surface layer. However, such surface
treatments may not be universally applicable, in addition to the
undesired potential failure induced by the pre-built interior tensile
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stress. For example, thermal tempering [9,10] cannot be applied
to oxide glasses with low thermal expansion coefficients; chemical
tempering [11-13] is restricted to glasses containing mobile alkali
ions. More importantly, tempering does not enhance the intrin-
sic resistance of glass to crack propagation, as the fracture tough-
ness of chemically tempered Gorilla glass [14] is still less than 1
MPa-m'/2,

Apart from surface strengthening methods, damage resis-
tant oxide glasses can be obtained through composition de-
sign and optimization [15,16]. Recently, new glass systems like
lithium/sodium/cesium aluminoborate, binary aluminosilicate and
pure alumina glasses [15,17-21] have been reported to possess
intrinsically high ductility. For instance, amorphous alumina was
found to deform via viscous creep at room temperature, which
leads to exceptional ductility up to 100% and fracture toughness
over 3 MPa-m'/2 [19]. However, the glass forming ability of ductile
amorphous oxides such as binary aluminosilicate and pure alumina
is usually low, making it difficult to synthesize them via the tradi-
tional melt-quenching process. Even with special levitation tech-
niques [22,23], the size of the obtained glass sample is still re-
stricted to millimeters in diameter. On the other hand, the chemi-
cal durability of alkali aluminoborate glasses is generally poor due
to the high content of hygroscopic B,03 [24].

Another strategy to toughen oxide glasses is to introduce a sec-
ond phase via microstructure tuning [25-28], creating compos-
ite materials with a glassy matrix [3,29-31]. Recently, Jiang et al.
[32] reported a record high fracture toughness of ~6.6 MPa-m!/2
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Fig. 1. (a) Density, (b) the Young’s modulus and (c) the Poisson’s ratio of Al,05-SiO, glasses as a function of composition at ambient conditions. (d) Coordination number
(CN) of oxygen as a function of composition for Al;03-SiO, liquids at 2250 K and ambient pressure. Experimental measurements of density, the Young’s modulus and the
Poisson’s ratio are taken from Refs. [18,19]. Experimental measurements of CN of oxygen are taken from Ref. [66].

in 2MgO0-+2Al,03+5Si0, glass with well distributed SiC nanoparti-
cles in the glass matrix. The exceptional crack resistance originates
from a collection of extrinsic toughening mechanisms [33-35], in-
cluding crack deflection [6,36], branching and bridging [37,38].
However, it is extremely difficult to disperse the second-phase
nanoparticles in liquid/glass matrix with the traditional processing
technique. In addition, most second-phase nanoparticles used for
toughening are crystalline materials, which may reduce the trans-
parency of oxide glasses [39].

Up to now, to meet the escalating demands of strong and dam-
age resistant oxide glasses in many technological important ar-
eas, more effective and generally applicable toughening strategies
to increase their intrinsic ductility and practical strength are still
in great need. To this end, tailoring structural heterogeneity has
recently been shown very effective in improving intrinsic tough-
ness of glasses [40-45]. Particularly, following the concept of nano-
glass in metallic glasses [46-53], Zhang et al. [54] prepared tough
silica glass by consolidating glassy nanoparticles with relatively
low pressure. The brittle to ductile transition in consolidated sil-
ica glass is due to the formation of over-coordinated cations (e.g.,
five-fold silicon atoms) near glassy nanoparticle surfaces, which
give rise to structural heterogeneity and serve as plasticity car-
riers in the resulting glass [55,56]. A straightforward extension
of this toughening strategy is to simultaneously introduce struc-
tural heterogeneity and chemical heterogeneity (composition fluc-
tuations across different length scales), which showed great poten-
tials in strengthening and toughening high entropy alloy systems
[57,58]. Note that the introduction of chemical heterogeneity via
traditional melting quenching technique in oxide glasses is very
challenging since the entropy effects favor chemical homogene-
ity. Even in systems with phase separation [59], the chemical het-
erogeneity is hard to be controlled to obtain desirable properties.
Therefore, the role of chemical heterogeneity, especially the syner-
gistic effect of structural and chemical heterogeneities on toughen-
ing oxide glasses remains elusive. Herein, using molecular dynam-

ics simulations, we systematically investigated the effect of both
structural and chemical heterogeneities on the mechanical prop-
erties of Al,03-SiO, glasses consolidated from glassy nanoparti-
cles. By selecting the starting nanoparticles with different chem-
ical compositions and tuning consolidation pressure, chemical and
structural heterogeneities can be easily controlled via the consoli-
dation technique. Our studies demonstrated that the structural and
chemical heterogeneities in consolidated Al,03-SiO, glasses sub-
stantially increase their damage resistance. Interestingly, apparent
work hardening was also observed in consolidated glasses, with
yield strength increasing substantially after cold work. We ratio-
nalized the toughening and hardening mechanism by constructing
the structure-property relationships in consolidated glasses. The
consolidation method described here may present a universal and
feasible means to simultaneously introduce structural and chemi-
cal heterogeneities in oxide glasses to increase their damage resis-
tance.

1.1. Simulation methodology

Force field Classical MD simulations were carried out in
LAMMPS package [60] (https://lammps.sandia.gov/). The equations
of motion were integrated by Velocity-Verlet algorithm with a time
step of 0.8 fs. Nose-Hoover barostat and thermostat [61,62] were
used to control pressure and temperature of the system. To model
the behavior of aluminosilicate glasses, we slightly modified the
original SHIK potential [63]. Particularly, the attraction parameter
(Cara1) for the Al-Al pair was increased from 100 to 160. The short-
range cutoff was set as 0.8 nm. The long-range Coulombic interac-
tion was calculated via the Wolf summation method [64,65] with
a cutoff of 1.0 nm to increase the computational efficiency. This
modified pairwise potential can accurately reproduce the structure
and properties of Al,03-SiO, glasses measured in experiments
[18,19,66] over a wide composition range as shown in Fig. 1. As
seen in Fig. S1, it can also reproduce the brittle to ductile transi-
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Fig. 2. (a) Temperature and pressure profile used to prepare consolidated glasses. Consolidation process can be carried out at different temperatures (300 K to 1500 K)
and pressures (0 GPa to 19.2 GPa). Note that the heating and cooling rate is fixed at ~4 K/ps, and pressure ramping and releasing rate is fixed at 0.2 GPa/ps. (b) Illustra-
tion of starting nanoparticles with diameter of 5 nm and final morphologies of glass consolidated at three representative pressures. The resulting nominal composition is
23.4A1,05+76.6Si0,. Red, blue and yellow particles represent oxygen, silicon and aluminum atoms, respectively. The samples shown in the final morphology were relaxed
back to zero pressure and 300 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

tion in Al,03-SiO, glass with increasing Al,03 content as observed
in previous experiments [18,19].

Sample preparation Bulk samples with varying compositions
were quenched from well-equilibrated liquids from high temper-
ature (3600 K) to room temperature (300 K) with a rate ~4
K/ps under zero pressure. Nanoparticles with uniform sizes were
then carved from the bulk glassy samples. Charge balance was
maintained by selectively deleting certain surface atoms on the
nanoparticles.

The size of nanoparticles might be slightly adjusted to main-
tain the same nominal composition. Relaxation of nanoparticles
was conducted at room temperature under constant volume for ~1
ns, followed by a thermomechanical consolidation route as shown
in Fig. 2(a). For starting nanoparticle diameter ranging from 1 to
8 nm, the size of the resulting glassy sample after consolidation is
around 10 nm by 10 nm by 20 nm (~200,000 atoms). The sample
size is around 20 nm by 20 nm by 20 nm (~1 million atoms) when
the starting nanoparticle diameter is above 8 nm. To introduce
nanoscale chemical heterogeneity, a mixture of glassy nanoparti-
cles with two different compositions are used for consolidation. In
this regard, the molar fraction of the starting nanoparticles is care-
fully adjusted to maintain the desired nominal composition. The
degree and distribution of chemical heterogeneity can be tuned in
a systematic manner by changing the size and composition of the
starting nanoparticles. Fig. 2(b) illustrates the initial morphology of

glassy nanoparticles as well as the final morphologies of glass con-
solidated under different pressures. In the rest of this work, sam-
ples consolidated with binary nanoparticles of different chemical
compositions are called binary consolidated glasses (BCS). Glasses
quenched from high temperature liquids are called as-quenched
glasses (AQ) and used for comparison. Glasses compressed from AQ
samples that are free of chemical heterogeneities are called com-
pressed glasses (CP).

Mechanical tests Uniaxial tension testes with an engineering
strain rate of 1.25 ns~! were carried out at room temperature
to investigate the mechanical properties of thus-obtained oxide
glasses. The mechanical response of both brittle and ductile sample
is not sensitive to the strain rate in the range tested as seen in Fig.
S2. Periodic boundary conditions were applied in all three direc-
tions. These samples are sufficiently long but not slender enough
to trigger any known size/shape effect [67,68]. For ductile oxide
glasses, the flow stress is averaged over the strains ranging from
30 to 65%. The visualization software OVITO [69] was used to gen-
erate simulation snapshots. Local atomic strain was calculated by
using the method proposed by Falk and Langer [70].

2. Results
Toughening in low alumina containing BCS samples First, we

systematically investigated the mechanical properties of AQ,
CP and BCS glasses with the same nominal composition of



Y. Zhang, L. Huang and Y. Shi

BCS
D=1 nm

06 09 12 15
Strain

Acta Materialia 215 (2021) 117016

0 03 06 09 12 15
Strain

il VL
0 0.3 06 09 1.2 15
Strain

Fig. 3. (a) Final morphologies of 23.4Al,05+76.65i0, glasses prepared from different routes. AQ is the as-quenched glass. CP is compressed with the bulk as-quenched glass
at 19.2 GPa and 300 K. BCS is consolidated with a mixture of alumina and silica nanoparticles at 19.2 GPa and 300 K. Red, blue and yellow particles represent oxygen, silicon
and aluminum atoms, respectively. (b) Stress-strain curves of CP glasses compressed at different pressures and 300 K, in comparison with that of AQ sample. (c) Stress-strain
curves of BCS glasses consolidated with 1 nm glassy silica and alumina nanoparticles at different pressures and 300 K. (d) Stress-strain curves of BCS glasses consolidated
with 8 nm glassy silica and alumina nanoparticles at different pressures and 300 K. Stress-strain curves of AQ and CP (P=19.2 GPa) are included in (c) and (d) for easy
comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

23.4A1,03+76.6Si0,, a typical low alumina containing glass. Fig. S3
shows that density of these samples gradually increases as the
consolidation pressure increases, due to the pore-closing as well
as permanent densification. The AQ glass exhibits a typical brit-
tle behavior as shown in Fig. 3(b). As the compression pressure
increases, the obtained CP samples display an apparent brittle to
ductile (BTD) transition when the pressure exceeds 7 GPa. Below
this critical pressure, the deformation and fracture behavior of CP
sample is very similar to the AQ sample, exhibiting a brittle be-
havior (cleavage). As the applied pressure reaches 19.2 GPa, the CP
sample exhibits extensive ductility and apparent roughness in the
fracture surface (see Fig. 4).

Unlike the chemically homogeneous AQ and CP samples, the
BCS glasses consolidated with ~1 nm of glassy alumina and sil-
ica nanoparticles possess apparent chemical heterogeneity. Despite
the existence of pores inside, improved ductility can be achieved
in BCS samples consolidated with ~3 GPa pressure (Fig. 3(c)), much
lower than over 7 GPa needed for compressing bulk samples. The
critical pressure observed here is slightly higher than that needed
for consolidating pure silica nanoparticles (2.4 GPa) [54], which
might originate from the inhibition of pore healing due to the high
elastic moduli of amorphous alumina (see Fig. 1(b)). As the consol-
idation pressure increases, the ductility of BCS increases, reaching
~100% failure strain when P = 19.2 GPa. Interestingly, by introduc-
ing nanoscale chemical heterogeneity, the flow strength of pore-
free BCS prepared from 1 nm glassy particles appears to be higher
than the CP sample by ~0.5 GPa.

We then increased the diameter of silica and alumina glassy
nanoparticles from 1 nm to 8 nm for consolidation, so that the
spatial distribution of chemical heterogeneity across the samples
is increased. With low consolidation pressure (~5 GPa), BCS glass
displays weakened strength and ductility as seen in Fig. 3(d), pre-
sumably due to the fact that large pores in the sample need higher
pressure to be healed. As the consolidation pressure increases, the

BCS glass exhibits an apparent BTD transition with a critical pres-
sure of ~10 GPa. For the ductile BCS prepared with 19.2 GPa pres-
sure at 300 K, both glassy alumina and silica nanoparticles inside
are severely deformed as seen in Fig. 4, indicating high intrinsic
ductility. In addition, prior to the fracture, the propagated crack
is apparently bridged by glassy alumina particle due to their rel-
atively high elastic modulus, thus providing additional energy dis-
sipation mechanism and contributing to high crack resistance. In
contrast, the crack bridging mechanism displayed here is not ob-
served in the ductile CP glass and in the BCS glass with d = 1
nm as seen in Fig. 4. Note that the flow strength of consolidated
glass is further enhanced to 7.2 GPa as the starting nanoparticle
size increases to 8 nm. Such substantial improvement in strength
appears not at the expense of ductility as shown in Fig. 3(d), which
is of vital importance for toughness optimization. The mechanism
for enhanced strength in the chemically heterogeneous BCS glasses
will be discussed later.

Toughening in high alumina containing BCS samples Using the
same consolidation technique, we further prepared high alumina
containing 73.1A1,03+26.9Si0, glass (nominal composition), which
was known to exhibit very low glass forming ability in experi-
ments|18]. Density of final samples can be found in Fig. S4, while
the final morphologies of representative CP and BCS samples can
be seen in Fig. 5(a) that shows obvious chemical heterogeneity in
the BCS sample. As shown in Fig. 5(b), the AQ sample exhibits high
intrinsic ductility under uniaxial tension. However, the stress over-
shooting followed by flow strength reduction indicates strain local-
ization, work softening or possible shear banding, similar to behav-
iors observed in many metallic glass systems [71-73].

Fig. 5(b) shows that, with the increase of compression pressure,
the apparent yielding and stress overshoot of the AQ glass start to
diminish when pressure is ~10 GPa, and disappear when P = 19.2
GPa. For BCS glasses consolidated with a mixture of 2 nm glassy
alumina and silica nanoparticles at 300 K, the critical pressure to
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Fig. 4. Deformation snapshots of AQ, CP and BCS (D=1 and 8 nm) at different stages of uniaxial tension tests. The fracture surfaces as well as the fracture strain values are
shown in the bottom row. The nominal composition is 23.4Al,03+76.6Si0,, CP and BCS were compressed/consolidated at 19.2 GPa and 300 K. For clarity, a 2-nm thick slice
is shown here. Red, blue and yellow particles represent oxygen, silicon and aluminum atoms, respectively. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

obtain sufficient ductility is ~3 GPa despite the existence of pores
as shown in Fig. 5(c) and Fig. 6. The ductility and strength increase
as the consolidation pressure increases, mainly due to the clos-
ing of pores as shown in Fig. 6. In addition, the deformation in
BCS is more homogeneously distributed compared to the AQ sam-
ple. Meanwhile, the pore-free BCS exhibits slightly enhanced flow
strength as compared to both CP and AQ samples (Fig. 5(c)), which
will be carefully investigated later.

Temperature effect in consolidation In an effort to further re-
duce the critical pressure for obtaining tough oxide glasses, we in-
creased the temperature during consolidation. Given the low glass
forming ability of high alumina containing glasses, we only pre-
pared and tested low alumina containing glasses with the nomi-
nal composition of 23.4Al,03+76.6Si0, to investigate the effect of
consolidation temperature, Note that the consolidation pressure is

fixed at 3.2 GPa. When subjecting to higher consolidation temper-
atures, CP glasses first exhibit marginally enhanced ductility, then
return back to brittle behavior. The highest ductility is reached at
the consolidation temperature of 900 K as seen in Fig. 7(a). In con-
trast, BCS samples display both improved ductility and strength
when consolidation temperature increases to 900 K, mainly due to
the closing of pores (see Fig. S3(b)). Alternatively, the enhancement
in both strength and ductility indicates a reduction of the criti-
cal pressure in triggering the BTD transition as the consolidation
temperature increases. Therefore, this finding opens the possibility
in preparing tough oxide glasses with consolidation pressure and
temperature feasible in experiments. When the consolidation tem-
perature is above 900 K, the yield strength keeps increasing with
almost constant failure strain as seen in Fig. 7(b), suggesting the
reduction of population of plasticity carriers [54]. We will iden-
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Fig 5. (a) Final morphologies of 73.1A1,03+26.9Si0, glasses prepared with different processing routes. The CP and BCS are prepared with a bulk sample and a mixture of 2
nm glassy alumina and silica nanoparticles at 19.2 GPa and 300 K, respectively. Red, blue and yellow particles represent oxygen, silicon and aluminum atoms, respectively. (b)
Stress-strain curves of CP glasses compressed at different pressures and 300 K, in comparison with that of the AQ sample. (c) Stress-strain curves of BCS glasses consolidated
at different pressures and 300 K, in comparison with that of the CP (P=19.2 GPa) and AQ sample. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

tify the plasticity carriers in Al,03-SiO, glasses and understand
the role of consolidation temperature and pressure in forming such
carriers later.

Work hardening ability Apparent hardening was observed
in the CP and BCS samples with a nominal composition
of 23.4Al;,03+76.65i0, by conducting loading-unloading-reloading
uniaxial tests, as seen in Fig. 8. For ductile CP sample, the yield
strength of the original sample is ~3 GPa as seen in Fig. 8(a), which
increases to ~4.2, 5.4 and 5.8 GPa after cold worked with 8, 20 and
40% strain, correspondingly. In contrast, BCS prepared with 8 nm
glassy alumina and silica nanoparticles originally yields at ~3.3 GPa
as seen in Fig. 8(b), then at 4.9, 6.2 and 6.4 GPa after cold worked
at 8%, 20% and 40% strain, respectively. Interestingly, by introducing
chemical heterogeneity through consolidation of glassy nanoparti-
cles, BCS glass obviously displays a higher work hardening ability.
The substantial increase in yield strength after 40% cold work in
CP and BCS sample is rarely reported in oxide glasses, its struc-
tural origin will be illustrated in the following section. Encourag-
ingly, compression-induced work hardening behavior was recently
reported in metallic glasses by Pan et al. [74]. Our observations in
MD simulations may stimulate studies of work hardening behav-
ior in consolidated Al,03-SiO, glasses and other oxide glasses in
experiments.

3. Discussions

Plasticity carriers It is well known that over-coordinated atoms
appear after pressure treatment [41,75] and are found to be re-
sponsible for enhanced ductility in silica glass [54,56]. Here, the

population of over-coordinated Si and Al atoms (see Fig. S5(a))
inside CP samples (nominal composition of 23.4Al,05+76.65i0,)
start to increase when the applied pressure exceeds ~5 GPa as
seen in Fig. S5(b). Meanwhile, the population of over-coordinated
cations increases dramatically for AQ samples with increasing
Al,03 content as seen in Fig. S5(c). Similar observations of over-
coordinated cations in Al,03-SiO, were also reported in experi-
ments recently [76,77]. Therefore, we speculate that these over-
coordinated cations together with neighboring oxygen atoms are
the plasticity carriers for Al,03-SiO, glasses, which are responsi-
ble for both the composition induced (see Fig. S1) and pressure
induced (see Figs. 3, 8) BTD transition. To prove this, we first an-
alyzed the correlation between plasticity and population of over-
coordinated atoms. Fig. 9(a) shows that the plasticity of CP and BCS
samples increases with the population of oxygen atoms bonded
with over-coordinated cations, regardless of composition and pro-
cessing routes. The critical population for the BTD transition is
found to be ~15% of the total number of oxygen atoms.
Theoretically, plastic deformation is realized by the incremen-
tal bond switching events. Hence, we further examined the shear
deformation propensity of oxygen atoms with different coordina-
tion environments during plastic deformation. Following our pre-
vious method [45,54], the sample was first loaded above the yield-
ing point (~5%) and then unloaded to zero stress, so that ~1.5%
plastic strain remains. Then the corresponding atomic shear de-
formation of oxygen atoms with different coordination environ-
ments was calculated and averaged. As shown in Fig. 9(b), the
oxygen atoms bonded with over-coordinated cations (CN>=5) dis-
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Fig. 6. Deformation snapshots of AQ and BCS glasses (prepared under different pressures at 300 K) at different stages of uniaxial tension tests. For clarity, a 2-nm thick
slice is shown here. The nominal composition is 73.1Al,03+26.9Si0,. For the first two rows, red, blue and yellow particles represent oxygen, silicon and aluminum atoms,
respectively. The third row shows the deformation distribution at 32% strain, which is color coded by the local shear strain. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Stress-strain curves of (a) CP and (b) BCS glasses consolidated under 3.2 GPa at different temperatures, in comparison with that of AQ. CP glasses are compressed
with bulk as-quenched sample. BCS glasses are consolidated with a mixture of 1 nm silica and alumina nanoparticles. The nominal composition is 23.4Al,05+76.6Si0, for
both CP and BCS samples. The uniaxial tension tests are conducted at 300 K.
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Fig. 9. (a) Correlation between failure strain and population of oxygen atoms bonded with over-coordinated Si/Al in CP and BCS samples. BCS glasses are prepared with
a mixture of glassy silica and alumina nanoparticles (d=1, 2, 5, 8 nm). Both BCS and CP are prepared at different temperatures and pressures. (b) The shear deformation
propensity of oxygen atoms with different bonding environments. Here we calculate the shear deformation propensity of 1-fold, 2-fold and 3-fold coordinated oxygen atoms,
oxygen atoms bonded with overcoordinated Si, overcoordinated Al, as well as both overcoordinated Si and Al. The red dash indicates the overall shear deformation propensity
of all oxygen atoms. (c) Population of oxygen atoms bonded with overcoordinated Si/Al in CP and BCS with a nominal composition of 23.4Al,05+76.6Si0, prepared under
different pressures at 300 K. (d) Population of oxygen atoms bonded with over-coordinated Si/Al in CP and BCS with nominal composition of 23.4Al,03+76.6Si0, prepared

under 3.2 GPa and at different temperatures.

play over 10% higher shear deformation propensity. Therefore, the
over-coordinated cations and their neighboring oxygen atoms act
as plasticity carriers during plastic deformation. Since the popula-
tion of over-coordinated cations and their bonded oxygen atoms
are closely related, we use the population of oxygen atoms bonded
with over-coordinated cations to represent the plasticity carriers
thereafter. By consolidating binary nanoparticles, a larger popula-
tion of plasticity carriers is generated at relatively lower applied
pressure as seen in Fig. 9(c). Here two factors contributes to a high
population of plasticity carriers: (1) both the dangling bonds near

the surface of glassy nanoparticles and the shear stress induced at
contact areas between nanoparticles during consolidation reduce
the activation energy barrier for plasticity carrier formation [54];
(2) starting glassy alumina possesses substantial amount of plas-
ticity carriers as seen in Fig. S6. Therefore, the BTD transition is
triggered with a lower pressure by consolidating binary nanopar-
ticles than compressing bulk samples. By increasing the consolida-
tion temperature under relatively low consolidation pressure (3.2
GPa), the population of plasticity carriers in CP is not apparently
enhanced (still below 15%) as seen in Fig. 9(d). As a result, the CP
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samples do not exhibit an apparent BTD transition as the consol-
idation temperature increases. In contrast, the population of plas-
ticity carrier in BCS is gradually reduced as the consolidation tem-
perature increases. This is due to the relaxation of plasticity carri-
ers back to lower energy states under the influence of temperature.
However, in the consolidation temperature range studied here, the
population of remaining plasticity carriers is still above the critical
population, so the prepared BCS glasses remain ductile as seen in
Fig. 7(b). Thus, the temperature acts as a double-edged sword in
consolidating glassy nanoparticles. Particularly, increasing consoli-
dation temperature can facilitate the generation of plasticity carri-

ers and healing of pores, improving toughness; at the same time
high temperature can relax some of the plasticity carriers, result-
ing in brittleness.

Interestingly, the surprising work hardening ability observed in
ductile CP and BCS samples is also closely related with the popula-
tion of plasticity carriers. In particular, the work hardening behav-
ior can be understood by the relaxation of plasticity carriers under
applied stress as seen in Fig. 10. Before loading, the population of
plasticity carriers is ~25% in the CP sample. It is reduced to 21%,
13% and 11% after cold worked with a strain of 8%, 20% and 40%,
respectively. Similarly, the population of plasticity carriers is 28% in
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the original BCS sample. After cold worked with a strain of 8%, 20%
and 40%, it is reduced to 25%, 22% and 20%, respectively. Therefore,
the stress facilitated relaxation of plasticity carriers is the origin for
the observed work hardening behavior, which is similar to the be-
havior of consolidated silica glass [40,54] and rejuvenated metallic
glasses via compression [74].

Heterogeneity-strength correlation Apart from the ductile behav-
ior discussed above, we also observed enhanced strength in BCS
glasses, by varying the size and distribution of chemical hetero-
geneity. Using 23.4Al,03+76.65i0, glass as an example, we sys-
tematically investigated the effect of chemical heterogeneity on
the strength of consolidated glasses. Here we first checked the ef-
fect of nanoparticle size without changing the starting nanopar-
ticle compositions. When consolidating with glassy alumina and
silica nanoparticles, the flow strength of 23.4A1,03+76.65i0, glass
first increases with the starting nanoparticle size, then reaches a
plateau as the size exceeds 8 nm, as seen in Fig. 11(a). This plateau
value (~7.2 GPa) is very close to the theoretical flow strength (~7.3
GPa) of glass composited with amorphous silica and alumina. We
then investigated the effect of starting nanoparticle composition on
the strength of BCS glasses without changing the overall nominal
composition of the resulting glass. To do this, we used pure sil-
ica as one type of starting nanoparticles and replaced glassy alu-
mina with a certain composition of aluminosilicate nanoparticles
(e.g., 23.4A1,03+76.65i0, 50AI,03+50Si0, or 73.1A1,03+26.9Si0,).
We maintained the same nominal composition by carefully adjust-
ing the molar fraction of glassy silica. Note that the size of both
starting nanoparticles are fixed at 8 nm. The flow strength is found
to increase with the molar fraction of silica nanoparticles, since
silica glass display a higher flow strength (~8 GPa) as compared
to amorphous alumina (see Fig. 11(b)). Therefore, we can enhance
the strength of aluminosilicate glasses by increasing the degree
of chemical heterogeneity through either increasing the nanopar-
ticle size or the composition contrasts. Finally, BCS glasses over a
wide range of nominal compositions by using 8 nm glassy alumina
and silica nanoparticles were prepared under 19.2 GPa at 300 K,
whose microstructure can be found in Fig. 11(c). Compared with
CP sample, the enhancement in flow strength is obtained in BCS
over a large nominal composition range, 1 GPa increase is seen
in 50Al,03+50Si0, glass in Fig. 11(c). We attribute the enhanced
strength to the unique stable bonding in BCS glasses, which is con-
firmed by their lower potential energy as seen in Fig. 11(d). Those
stable bonds are inherited from the starting silica nanoparticles
and are mostly preserved in the consolidation process. Note that
such bonding cannot be obtained in the traditional melt-quenching
process since it is considerably deteriorated due to the entropic
effect, which is confirmed by the higher potential energy of AQ
samples than that of BCS samples of binary aluminosilicates in
Fig. 11(d). Consequently, by introducing both structural and chem-
ical heterogeneities across the samples, both strength and ductility
can be simultaneously increased in oxide glasses consolidated from
glassy nanoparticles.

4. Conclusions

Consolidation with glassy nanoparticles enables optimization of
both structural and chemical heterogeneity, which lead to simul-
taneous enhancement in strength and ductility of Al,03-SiO, bi-
nary glass. Substantial ductility can be obtained by consolidating
nanoparticles at relatively low pressure (~3 GPa), while over 7 GPa
is required for compressing bulk samples to trigger the BTD transi-
tion. Over-coordinated cations and their neighboring oxygen atoms
are identified as the plasticity carriers due to their high shear de-
formation propensity under stress. The introduction of chemical
heterogeneity results in up to 20% higher flow strength due to the
stable bonds preserved in the starting silica nanoparticles. Duc-
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tile glasses exhibit apparent work hardening ability, which is more
pronounced in samples with chemical heterogeneity. The consoli-
dation technique demonstrated in this work can open the door to
design strong and damage resistant oxide glasses that cannot be
obtained in the traditional melt-quench process, paving the way
for their potential use in load bearing applications.
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