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Atomic structure determines physical properties, but for glassy materials, the nature of structure-property
relationships remains ambiguous. Since glass properties are governed by both chemistry and structure, it is

difficult to dissociate these two effects. Here, the sole effect of the structure on property is isolated by treating an
industrial aluminosilicate glass with either thermal-annealing or pressure-quenching processes to produce glasses
with varying densities and hardnesses (at constant composition). To explore the underlying structural origin of
property changes, neutron total-scattering patterns of these glasses were measured. These results confirm the
applicability of rigid-unit mode theory since the short-range tetrahedra were found to remain unaffected. In
contrast, close correlations are derived between properties and medium-range structure (as encoded in various
features of the first sharp diffraction peak). Overall, it reveals that the increase in the medium-range order is the
structural origin of the extra extent of hardness increase beyond the densification effects.

DOLI: 10.1103/PhysRevMaterials.7.013602

I. INTRODUCTION

One of the fundamental principles in materials science—
that atomic structure determines physical properties—is
derived mainly from studies on crystalline materials. Blessed
by the symmetry and periodicity of crystalline materials,
crystallographers have been very successful in determining
their structures and deciphering the underlying relationship
with properties. However, structure-property correlations are
far less well understood for glassy materials. Building a
ternary composition-structure-property correlation has been
the holy grail for glass scientists. With such knowledge,
glass compositions could be formulated to achieve tailored
properties, which otherwise tend to be developed by rely-
ing on Edisonian trial-and-error methods. In practice, it is
common to simplify the ternary correlation by collapsing
it into a binary one, i.e., composition-property, by omit-
ting the key middle parameter—structure—even though such
composition-property relationships are partially ill defined
because glasses are out-of-equilibrium phases, and their
properties depend on their formation history. This is, in
some cases, a fair treatment since correlations can usually
be found between properties and composition [1] or the
composition-derived structural parameters such as packing
fraction [2], nonbridging oxygen content for oxides glasses
[1], or network-former coordination speciation by providing,
e.g., the perfect interpretation of the boron anomaly in borate
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glasses [3,4]. The breakdown of such correlations has pro-
voked intriguing and longstanding challenges in glass science.
One such example is the well-known mixed-alkali [5,6] or
alkaline-earth [7] effect. Another example is the abnormal
deviation from linearity in the hardness of certain silicate
glasses [8,9]. Only by considering the structural parameters
can such breakdowns of correlations, i.e., the mysteries of
nonadditive or abnormal behavior [10], be resolved.

Glasses do not have any long-range order and tend to
exhibit a short-range order that is like that of their crystalline
counterpart. Therefore, the key structural information lies in
the medium range, which is primarily encoded in the ring-size
distribution of network glasses. This leads to another practical
reason for the omission of structural parameters: We have not
previously had a reliable method to determine and quantify the
medium-range structure in glasses until analytical methods
have been proposed such as the recently developed [10] and
validated [11] RingFSDP method. The heuristic RingFSDP
method, developed from experimental data, aims to extract the
ring-size distribution in silicate glasses from the shape of the
first sharp diffraction peak (FSDP) of the neutron-scattering
structure factor [10].

To study structure-property correlations, we choose to
study hardness (H). Hardness is defined as the ability to
resist permanent deformation [12], which is irreversible and
involves microscale structural changes featuring nonaffine
atomic rearrangements [13]. Therefore, hardness should be
affected by both microscale structure and macroscale packing
fraction. For simplicity, to filter out the effect of composition
from the ternary composition-structure-property relationship,
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we consider an aluminosilicate glassy material (of fixed
composition) that is experimentally treated by both sub—7,
thermal-annealing and pressure-quenching processes [14]. In
the same original study, classical molecular dynamics (MD)
simulations were also used to generate thermally annealed
and pressure-quenched glass structures to explore the as-
sociated microscale structural change [14]. The simulated,
extreme high-density glass structures were generated by
the thermal-annealing process and exhibited density values
that are comparable with the ones derived by the pressure-
quenching process, even though such high-density glasses
could never be experimentally made by thermal-annealing
treatments. MD simulations showed no significant changes in
interatomic distances, coordination numbers, or Q" distribu-
tions as a function of density in all simulated glass structures
[14]. However, by comparing the simulated thermal-annealing
and pressure-quenching structures with similar densities, it
was shown that pressure quenching has a larger impact than
thermal annealing on the medium-range structure, as shown
by the decrease in the medium-range distances (MRDs).
In contrast, the thermal-annealing process has a larger im-
pact than pressure quenching on the short-range order as a
more rigid short-range structure was observed upon thermal
annealing—as shown by the sharper standard deviations of
bond-angle distributions of both intratetrahedral (O-A-O) and
intertetrahedral (A-O-A) angles with A representing glass for-
mers as Si or Al. This more rigid short-range structure was
then claimed to be the structural origin of the higher hardness
of the same density glasses simulated by thermal annealing
than the pressure-quenching process.

Here, we explore the nature of the structure-hardness rela-
tionship by studying the same sets of glasses experimentally
produced by both sub-T; thermal-annealing and pressure-
quenching processes [14]. The treatments resulted in the
formation of six glasses with various extents of densification
and hardness increase. Unlike what was observed in pre-
vious simulations [14], the experimental thermal-annealing
process does not result in any notable density change, while
the pressure quench increases density significantly. In con-
trast, hardness increases upon both annealing and pressure,
and for pressure-quenched glasses, the increase in hardness
is more pronounced. For glasses with the same composition,
the increase in density leads to a higher packing fraction and,
thereby, a higher stiffness (Young’s modulus) and hardness.
However, the very different variations in p and H upon ther-
mal annealing and pressurization clearly demonstrate that the
increase in hardness does not solely arise from an increase
in density. This implies that, in addition to the macroscale
densification, there must be other factors contributing to the
increase in hardness. This leads to the main motivation of this
paper, i.e., experimentally identifying the microscale struc-
tural origin of the increase in hardness.

II. EXPERIMENT
A. Studied glasses and their properties

Here, we study the industrial alkaline-earth aluminosil-
icate glass, named Jade [15], with a nominal composition
of (Ca0)s(Mg0)7(Al,03)13(S103)74. The as-prepared (AP)

glass was manufactured by the fusion-draw process, which
ensures homogeneity of the glass sheet. It also yields a high
initial fictive temperature 7 = 1125 K for the AP glass, which
allows a greater fictive temperature difference (91 K) between
the AP and the subsequent heat treatment at 1034 K. The AP
glass sheets, with dimensions of ~ 25 x 25 x 0.7 mm?, were
treated by either a thermal-annealing or pressure-quenching
process to produce glasses with increased density and hard-
ness. Three annealed glasses were heated at T, = 0.987,
(Ty = 1055K) for three different duration times #, (15, 180,
and 960 min), then rapidly quenched to room tempera-
ture (RT). Three pressure-quenched glasses were isostatically
compressed using a nitrogen-gas pressure chamber at T, for
30 min at three pressures P(0.2, 0.6, and 1.0 GPa), cooled
down to RT first, and then decompressed to ambient pressure.
Density (p) and Vickers hardness (H ) of all seven glasses (in-
cluding an unannealed and unpressurized AP sample), listed
in the Supplemental Material Table S1 [16], were measured
and reported in Ref. [14]. Details of the pressure-quenching
process and property measurements are described in Ref. [17].
Vickers hardness (H) of the samples was determined using a
micro-indenter (Duramin 5, Struers A/S). A total of 30 indents
were conducted on each sample using an indentation time of
10 s and an indentation load of 0.25 N. The measurements
were performed in air at RT.

To illustrate the thermal and pressure effects on the glass
properties, we calculate, based on the data in Ref. [14], the
relative property change for each treated glass by compar-
ing it with the corresponding AP glass, e.g., Ap/p(%) =
(Pueated — Pap)/pap X 100. The relative changes in density
(p) and Vickers hardness (H) are plotted in Figs. 1(a) and
1(b) as a function of their corresponding annealing duration
(lower x axis) or compression pressure (upper x axis). As
shown in Fig. 1(a), annealing does not notably change the
density (red symbols), while pressure-quenched glasses show
a linear density increase with pressure (blue symbols). In
contrast, the hardness increases upon both annealing and pres-
sure [Fig. 1(b)], although for pressure-quenched glasses, the
increase in hardness is more pronounced. The very different
p and H changes with thermal annealing and pressurization
clearly demonstrate that the increase in hardness does not
solely arise from an increase in density since (1) annealing
does not induce a noticeable density change, but it increases
the hardness by up to 6.2%; and (2) for the pressure-quenched
glass at 1.0 GPa, its density increases by only 3.8%, while its
hardness increases by up to 18.5%.

B. Neutron total-scattering measurement and normalization

Time-of-flight neutron-scattering measurements were per-
formed on the Nanoscale-Ordered Materials Diffractometer
(NOMAD) at the SNS, Oak Ridge National Labora-
tory [18]. Relevant experimental details are reported in
Ref. [10]. The normalized neutron-reduced structure-factor
functions F(Q) {F(Q)= Q-[S(Q)— 1]} of the annealed
and pressure-quenched glasses are presented in Figs. 2(a-1)
and 2(a-2), respectively. The reduced pair-distribution func-
tions G(r) are obtained by direct Fourier transformation
of F(Q), according to G(r) = (%)fg‘“ax F(Q)sin(Qr)dQ
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FIG. 1. Effects of thermal annealing (red) and pressure quenching (blue) on the change in (a) density (o) and (b) hardness (H). The
relative change (%) is calculated by comparing the treated glass with the as-prepared one. Density does not notably change upon annealing but
increases linearly with pressure for pressure-quenched glasses. Hardness increases upon both treatments. Both density and hardness data are
from Ref. [14]. The errors in the density change are propagated from the density error of +0.004 g/cm?, as reported in Ref. [17]. The errors in
the hardness change are propagated from the errors of hardness values estimated from fig. 2 of Ref. [14].

(where Qmax = 50 A"). The corresponding G(r) functions
are plotted in Figs. 2(b-1) and 2(b-2).

As described below, structural information will be derived
from an analysis of the FSDP of the structure factor, including
the peak position, area, and shape. Therefore, it is critical to
normalize the structure factor to the absolute correct scale.

Here, this is accomplished by utilizing the low-r region of
G(r) criterion, as described in Ref. [19]. When r is smaller
than the first atomic-pair peak in the pair distribution function
(~ 1.65A, assigned as Si-O or AI-O peaks for Jade glass),
the low-r region of G(r) should theoretically be a straight
line going through zero, with slope —4m py, where p is the
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FIG. 2. (a-1) and (a-2) Normalized reduced structure-factor functions F'(Q) and (b-1) and (b-2) Fourier-transformed reduced pair distribu-
tion functions G(r) for thermal-annealed (top panel) and pressure-quenched (bottom panel) glasses. The same color schemes as labeled in the
F(Q) plots are used in the G(r) plots. Insert: Zoomed low-r region of G(r) curves demonstrating the correct normalization of the F'(Q) scans,
with similar slopes through the rippled G(r) curves for the annealed glasses [insert of (b-1)] reflecting their comparable densities, whereas the
higher negative slopes of the high pressure-quenched glasses [insert of (b-2)] reflect their higher density.
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atomic number density, and linearly correlated with the mass
density. In fact, as shown in the inserts of Figs. 2(b-1) and
2(b-2), the low-r part of the G(r) curve contains small ripples,
also named termination ripples, which are caused by Fourier-
transforming the scattering data collected for a finite-Q range.
The small ripples of G(r) in the low-r region should oscillate
around the theoretical straight low-r line. This is the low-r
region of G(r) criterion that can be used for absolute correct
scale normalization. The correct normalizations are demon-
strated in the inserts of Figs. 2(b-1) and 2(b-2). Similar slopes
through the rippled G(r) curves for the annealed glasses [in-
sert of Fig. 2(b-1)] reflect their comparable densities, whereas
the higher negative slopes of the pressure-quenched glasses
treated at higher pressures [insert of Fig. (b-2)] reflect their
higher density.

C. RingFSDP for medium-range structure

We have recently developed a method, RingFSDP, to quan-
tify the ring-size distribution of silicate glasses from the FSDP
of the neutron-scattering structure factor [10]. This method
deconvolves the FSDP into three modified Gaussian peaks,
with each peak ascribed to a certain family of rings: (i)
large rings (=>6-membered) centered at low Q; (ii) medium-
sized rings (5-membered) centered at intermediate Q; and (iii)
small rings (<4-membered) centered at large Q. The FSDP
deconvolution, as well as ring-size distribution calculation,
is performed using the Python program RingFSDP. A de-
tailed step-by-step deconvolution procedure is described in the
Supplemental Material [16] to demonstrate how RingFSDP
works.

Since the shape of the FSDP is generally broad and asym-
metric, the following two practices should be applied to
ensure a reliable FSDP deconvolution. First, the Frspp(Q)
in reciprocal space needs to be Fourier transformed into its
real-space representation Igspp(r) since the latter expands the
signal and allows for more reliable model fitting. Second,
the deconvolution of FSDP is performed through the fitting
of Irspp(r) by three compressed exponentially decaying sine
waves in real space, which correspond to the three modified
Gaussian peaks in reciprocal space. This fitting model was
developed empirically from the fitting of the Ipspp(r) profiles
of 81 aluminosilicate glasses [10]. It was found that, in most
fittings, the periodicities of the three sine waves generally
converge to constant values, i.e., 3.15 £ 0.01, 3.70 £ 0.03,
and 4.30 £ 0.04 A, respectively, where the mean and stan-
dard deviation values are calculated from 81 glass fittings.
Comparing with the ring-structure information of crystalline
SiO, polymorphs, we postulate that the three characteristic
periodicities (r = 3.15, 3.70, and 4.30 A) correspond to the
typical effective diameters of small (<4), intermediate (5),
and large rings (=6), respectively [10].

Mathematically, the three periodicities of the sine waves in
real space of Irspp(r) correspond to the three Gaussian peak
positions of the Frspp(Q) deconvolution in reciprocal space,
with Q values at 2.00, 1.70, and 1.46 A’l, respectively. More
importantly, the three discernible Q values are confirmed for
both Jade and fused-silica structural models generated from
force-enhanced atomic-refinement (FEAR) simulations [11].
The positions of the FSDPs of the three grouped structure
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FIG. 3. First sharp diffraction peak (FSDP) deconvolution
of thermally annealed glasses by the RingFSDP method [10].
S<4ring(Q) (red) is the Q-range component of < 4 rings with a
corresponding real-space position of 3.15 A; Ss.ring(Q) (blue) and
S>64ing(Q) (black) have real-space positions of 3.70 and 4.30 A,
respectively. The sum of all three S,.n,s(Q) functions (solid green
curve) matches with the measured S(Q)-FSDP with the background
removed (dotted pink curve). The three fixed positions with the
values of 2.00, 1.70, and 1.46 A~', are shown by the three straight
vertical dotted lines, corresponding to the real-space characteristic
periodicities of 3.15, 3.70, and 4.30 A, respectively.

factors (i.e., < 4—, 5—, and > 6—membered rings) calculated
from FEAR-based structures exhibit very good agreement
with the three fixed-Q values that were empirically derived
from the FSDP deconvolution of 81 silicate glasses [10].
This confirmation not only provides a strong validation of the
RingFSDP method but also implies that a reliable deconvo-
lution of the FSDP can be achieved involving only six fitting
parameters (i.e., the intensities and widths of the three Gaus-
sian distributions) rather than nine (i.e., if three additional
fitting parameters were to be needed for the positions).

In the reciprocal-space function S(Q), the integrated area
of each peak is proportional to the absolute number of such
specified size rings, wherein the shape of the ring exhibits a
certain minimum level of ordering (i.e., poorly ordered rings
are assumed not to contribute to the peak). Such a level of
ordering is discussed in Sec. III C. The relative ring-size dis-
tribution (f;_sy,) s calculated from the ratio of the integrated
peak area [Ag, . (0)] to the total FSDP area [Ag,,(0)] using

Eq. (1):

A (0

fo= .
ASFSDP(Q)

ey

Then the average (ave.) MRD in real space can be calcu-
lated as

ave. MRD (A) = fcysing X 3.15 + f.ring
x 3.70 + f26—ring x 4.30. (2)

As shown in Fig. 3, the FSDP of the AP and three
thermally annealed glasses can be deconvolved into three
different ring-size groups by the RingFSDP method [10], and
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FIG. 4. (a-1) and (a-2) Zoomed F (Q)—first sharp diffraction peak (FSDP) and (b-1) and (b-2) zoomed G(r) with nearest atomic pairs of
A-O and O-O correlations from AQ, tetrahedra for thermally annealed (top panel) and pressure-quenched (bottom panel) glasses. Differences
are observed in the FSDPs for both treatment series, which are especially significant for pressure-quenched glasses. No observable differences
are shown in the short-range AO, tetrahedral configuration in the G(r) curves.

the related structural information is listed in Supplemental
Material Table S1 [16]. Good fits are achieved for all four pat-
terns, with a reduced mean-square-error of x> < 1.9 x 107°.
For each dataset, three individual peaks corresponding to
the three ring-size groups are plotted; the sum (solid green
curve) is in good agreement with the experimental FSDP
(dotted pink curve). The peak positions of the three F(Q)'s
of 2.00, 1.70, and 1.46 A~! are shown by the three straight
vertical dotted lines, whose reciprocals (27 /Q) are consis-
tent with the three real-space characteristic lengths (r<4-ing =
3.15A, rsiing = 3.70 A, and r<g_ring = 4.30 A), as described
earlier.

The rings of the pressure-quenched glasses are com-
pressed; thus, the three positions of the Gaussian peaks should
increase accordingly for FSDP deconvolution. However, a
direct refinement of a total of nine parameters (three positions,
three heights, and three widths) does not lead to a reliable
fitting because the nine parameters are heavily correlated with
each other. Here, we still apply the RingFSDP method to
refine six height and width parameters with three fixed po-
sitions. Even though this is not physically correct, our goal is
to determine the ave. MRD at each specified pressure MRDp
(P represents the pressure) using Eq. (2). A series of FEAR
simulations [11] of pressure-quenched glasses are in process
to further explore how the sizes of small, intermediate, and
large rings depend on the applied pressure. The peak positions
of the three F(Q)'s will be determined from the simulated
structure, then used to quantify the ring-size distribution from
experimental neutron data by applying the RingFSDP method.
That will enable us to study the change of different sized rings

upon varying pressure and correlate this structural feature
with the change in hardness.

The error in the RingFSDP analysis comprises many
factors: sample preparation and alignment, beam-intensity
fluctuation, instrumental calibration, counting statistics, data
normalization, and FSDP fitting. It is challenging to evaluate
the contribution of each individual factor and then mathemat-
ically propagate the error. Here, as an alternative path, we
apply an easy but not statistically accurate method by using
reproductivity value as an error estimation of the RingFSDP
analysis. That is, two fused silica (FS) samples were pre-
pared from the same piece of glass and measured during two
beam-times. Each dataset was normalized and analyzed by the
RingFSDP method. The differences between the two datasets,
in terms of position and integrated area of S(Q)-FSDP, are
listed in Supplemental Material Table S1 [16] and used as
the error values of this study. This method would be more
relevant using Jade glass; however, only data for FS data were
collected here.

III. RESULTS
A. Rigid-unit modes

The FSDP regions of F(Q) of all glasses are plotted in
Figs. 4(a-1) and 4(a-2). Zoomed-in G(r) functions with near-
est atomic pairs of A-O and O-O from AQy tetrahedra (A = Si
or Al) are plotted in Figs. 4(b-1) and 4(b-2) for thermally
annealed (top panel) and pressure-quenched (bottom panel)
glasses. No observable differences are evident in the A-O
and O-O atomic-pair correlations for all seven glasses, in
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terms of peak position corresponding to atomic-pair length
and peak width corresponding to the deviation of atomic-
pair length. This indicates that all glasses should have same
0-A-O bond-angle distribution, which disproves the first MD
simulated result that the standard deviations of the O-A-O
bond-angle increase as a function of pressure for pressure-
quenched glasses, as shown in fig. 4 of Ref. [14]. Since
the high-density glasses cannot be made experimentally by
the thermal-annealing process, we do not have the A-O and
0O-O atomic-pair correlation data for high-density thermally
annealed glasses; we cannot comment on the second MD
observation, the standard deviations of the O-A-O bond-angle
decrease as a function of annealing time for thermal-annealed
glasses. However, the pressure-independent, constant O-A-O
bond-angle distributions lead us to question the third MD ob-
servation that, for glasses with similar densities, the standard
deviation of the O-A-O bond angle is smaller for glass made
by thermal annealing than by the pressure-quenching process.
The A-O-A bond-angle distribution cannot be derived because
the A-A atomic pair, in the range of 3.0-3.3 A, is strongly
overlayed by the high-r tail of the O-O pair.

The average oxygen coordination number around
network-former atoms A, obtained from integration of
the first A-O peak in the radial distribution function
R(r) [R(r) = 4mrtpy+ rG(r)] [20], is 4.0+£0.1 for all
glasses, indicating that the AO, tetrahedra remain intact
after undergoing both thermal and pressure treatments. This
is also supported by nuclear magnetic resonance (NMR)
measurements. Although NMR tests were not performed
for this series of Jade glasses, 2’Al MAS NMR analyses
conducted on sodium aluminosilicate glasses show all the Al
atoms maintain a tetrahedral configuration and are insensitive
to annealing- or pressure-induced compaction [21]. Although
an increase in coordination number has been reported for a
wide variety of network formers (including B, Si, Ge, or Al)
at high-pressure (>5 GPa) [22,23], the highest pressure used
in this paper was only 1 GPa, which is not high enough to
induce any increase in the coordination number of Si and Al
atoms.

The observed intact tetrahedral short-range structure is in
line with the rigid-unit mode (RUM) theory of network sili-
cate crystals [24,25] or glasses [26,27]. The basic idea of the
RUM approach is that the intra-AO, tetrahedral forces (A-O
stretching and O-A-O bending) are much stronger than the
intertetrahedral forces (the corner-linked A-O-A-O torsion or
intertetrahedral A-O-A bending). A very high-energy penalty
is required to distort a tetrahedron; therefore, it should be
treated as a rigid unit. Instead, low-energy deformations are
achieved by intertetrahedral A-O-A deformations, including
both bond-angle and dihedral torsion-angle changes [28]. The
rotations are believed to lead to changes in ring shape, such
as distortion or buckling or, in contrast, in transitions from
a distorted or buckled shape to a more ordered symmetric
and flatter one. This is in turn reflected as a medium-
range structural change—the FSDP change. As shown in
Figs. 4(a-1) and 4(a-2), differences are observed in the FS-
DPs for both treatment series of glasses. They are especially
significant for pressure-quenched glasses, with peak-position
shifts, peak-area increases, as well as FSDP shape changes,
shown as the nontranslation peak skewing, which shifts more

in the low-Q region and less in the high-Q region. Since in
this paper the peak positions of different sized ring groups
have not been determined for pressure-quenched glasses,
only the FSDP position and area, not the shape, are ana-
lyzed. The medium-range structure information, derived by
the RingFSDP analysis, is summarized in Supplemental Ma-
terial Table S1 [16].

B. FSDP-position change

The real-space ave. MRDs of all glasses are calculated,
based on their reciprocal-space FSDP deconvolution results,
using Eq. (2), respectively, and listed in Supplemental Mate-
rial Table S1 [16]. The relative changes in ave. MRD (with
respect to the value of the AP glass) are plotted in Fig. 5(a) as
a function of their corresponding thermal-annealing duration
(red, lower x axis) or compression pressure (blue, upper x
axis). The ave. MRD does not noticeably change upon thermal
annealing but decreases linearly with pressure. For an easy
comparison, the changes in density (p) are plotted in Fig. 5(b).
An inverse linear property-structure correlation between p and
the ave. MRD change, with a slope close to —1, is observed
in Fig. 5(c). As the MRD decreases, the glass becomes more
packed, with a higher density. However, the value of the
ave. MRD change represents a one-dimensional linear com-
pression, while the change in p reflects a three-dimensional
volumetric change. For an isotropic crystalline material, the
volumetric coefficient of thermal expansion (CTE) is three
times of the linear CTE, while an area CTE would be two
times the linear CTE. If the MRD compression was the only
factor governing the change in bulk p, the slope should be
—2 (if the compression is two-dimensional and occurs within
the approximate plane of each ring) or —3 (if the compres-
sion occurs along the three dimensions) but not —1. The
fact that the bulk p increases by less than what is expected
(from the decrease in the MRD) implies the existence of
other structural changes that play an opposite role for volume
compression, such as changes in the ring shape. The nearly 1:1
relation between volumetric and linear compression is in line
with our previous study, in which some discrepancies were
observed among microscale short-range, medium-range, and
macroscale bulk values of the CTE for FS glass [29].

C. FSDP-area change

The relative changes in the integrated S(Q)-FSDP area
(with respect to the value obtained for the AP glass) are
plotted in Fig. 6(a) as a function of their corresponding
thermal-annealing duration (red, lower x axis) or compres-
sion pressure (blue, upper x axis). The S(Q)-FSDP area
increases both upon thermal annealing and pressure quench-
ing. For comparison, the changes in hardness (H) are plotted
in Fig. 6(b). Despite the large error bars associated with the
variations in H, a positive property-structure correlation can
still be observed between H and the S(Q) area, as shown in
Fig. 6(c). Two sets of hardness values are plotted in Fig. 6(c)
for the pressure-quenched glasses: the blue ones are from the
original hardness values, whereas the black ones are modified
hardness values, corrected to filter out densification effects
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FIG. 5. Thermal-annealing (red) and pressure-quenching (blue) effects on the change in (a) average medium-range distance (ave. MRD)
and (b) density (p). (c) highlights a linear property-structure correlation between p and ave. MRD. The relative change (%) is calculated
by comparing each treated glass with the same as-prepared glass. The ave. MRD does not change upon annealing but decreases linearly with
pressure. The dotted lines in (a) and (b) are guides for the eye; that in (c) is a least-squares fit. The errors in the ave. MRD change are propagated
from the difference of ave. MRD values obtained by two neutron total-scattering measurements performed on two separate samples of the same

fused silica glass.

using Eq. (3):

Hp/pp — Hap/pap

AH/H(R) = Hap/pap

x 100.

3

To interpret the correlation between the S(Q)-FSDP area
increase and the increase in H, we first discuss what kinds
of changes in ring structure can lead to the FSDP area in-
crease. The most obvious candidate would be an increase in
the number of rings, i.e., more rings are formed by thermal
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or pressure treatments. However, the ring-number increase
interpretation goes against both RUM theory and simulation
results [30,31]. Indeed, our neutron-scattering results already
demonstrate that the network silicate glasses satisfy the RUM
theory on account of the intact short-range AO,4 tetrahedra
and very flexible medium-range ring structure in response to
increased temperature [29,32] and pressure changes in this
study. Therefore, the structural change resulting from thermal
annealing or pressure should follow the deformation path
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FIG. 6. Thermal-annealing (red) and pressure-quenching (blue) effects on the change of (a) integrated S(Q)-first sharp diffraction peak
(FSDP) area and (b) hardness (H). (c) highlights a positive property-structure correlation between H and the S(Q)-FSDP area. The relative
change (%) is calculated by comparing each treated glass with the as-prepared one. Two sets of hardness values are plotted in (c) for pressure-
quenched glasses: the blue ones are from original hardness values, whereas the black ones are the modified hardness values, corrected to filter
out densification effects. The errors in the S(Q)-FSDP area change values are propagated from the difference of S(Q) area values obtained by
two neutron total-scattering measurements of two separate samples of the same fused silica glass.
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associated with the lowest cost in energy, such as the interte-
trahedral A-O-A angular deformations. In contrast, a change
in the number of rings would require some A-O bonds to
break and reform, which involves much higher energy bar-
riers and is, therefore, unlikely to happen when a low-energy
barrier (A-O-A rotation) pathway exists for the system to de-
form. Moreover, simulation results on sodium silicate glasses
[(Na;0)30(Si03)74] prepared with four orders of magnitude
different cooling rates [30] and MD-RMC modeling on cold-
and hot-pressed fused-silica glasses [31] also demonstrate that
even glasses exhibiting significant differences in their FSDP
tend to show negligible differences in their numbers of rings.

We then turn to another possibility—a change in ring
shape. To this end, we explore how the rings contribute to
constructive diffraction that eventually leads to the FSDP. A
real-space—reciprocal-space analysis, combining a continuous
wavelet-transform analysis and MD simulations, has demon-
strated that the medium-range-order-related FSDP in FS is
manifested by interatomic distances in the region of r ~ 5 A,
associated with a couple of local pseudo-Bragg planes [33].
Such near-parallel local planes are formed by both Si and O
atoms from the second-nearest neighbors. The perpendicular
distance between the parallel planes can result in construc-
tive diffraction, leading to the FSDP in S(Q). Small-sized
rings exhibit shorter distances between planes, whereas larger-
sized rings correspond to longer distances, as confirmed in
Ref. [11]. Only near-parallel planes will contribute to the
FSDP. If a ring has a shape that is too skewed or distorted
from the averaged ring shape, it can be assumed that it will
not contribute significantly to the FSDP, even if the ring itself
is still intact. Both the thermal and pressure processes applied
in this study provide annealing treatments that can make the
glass structure more relaxed, thereby possibly making the ring
shape less buckled or distorted and allowing more contri-
bution to the FSDP with a correspondingly increased FSDP
area. This is in line with our experimental observation that
the FSDP area decreases with increasing temperature [29,32]
since heating reduces the structural ordering, an opposite ef-
fect from sub-7, annealing, which increases the ordering.

The energy barrier to activate a permanent deformation,
following the definition of hardness, would be higher if a glass
has a more ordered structure since extra energy would be
needed to deform the ordered structure into a distorted state
before reaching the permanent deformation. Therefore, we
speculate that a glass with a more ordered structure resulting
from annealing or pressure—as reflected in the increase in the
area of the FSDP—needs to overcome higher energy barriers
to reach a permanent deformation, which in turn leads to a
higher hardness.

IV. DISCUSSIONS

Overall, in this paper, we reveal the existence of an inti-
mate relationship between medium-range structural order and
hardness in glasses, i.e., the increased level of order in the
medium range is the structural origin of the extra extent of
hardness increase; that is, it explains why hardness increases
more than what would be expected when solely accounting
for the effect of densification. However, assessing the level of
order in the medium range, as captured in this paper by the in-

tegrated area of the FSDP, cannot be used to compare glasses
with different compositions due to its composition-dependent
nature. Indeed, the FSDP area is proportional to the weighted
sum (using the neutron scattering lengths as weights) of all
the contributions of each interatomic pair. Although both ex-
periments [10] and simulations [11] have demonstrated that
the FSDP originates from the network-forming rings in the
atomic structure, the exact contribution by each type of atomic
pair (such as A-O, O-O, A-A, or any of their combinations)
remains unknown.

In contrast, the ring size distribution itself can be used to
decode the nature of the correlation between glass hardness
and chemical composition since, in this case, the neutron
scattering length is cancelled out in the calculation, as shown
by Eq. (1). This approach has been used to successfully inter-
pret the abnormal deviation from linearity in the hardness of
certain silicate glasses [8,9]. That is, for fully compensated
calcium aluminosilicate glasses with equal molar contents
of CaO and Al,Os;, the hardness decreases upon increasing
silica content until 70 mol. % and then increases with silica
content. In general, the hardness of normal silicate glasses
increases upon increasing packing fraction. In contrast, it is
well established that silica-rich glasses exhibit an anomalous
behavior in their mechanical and thermal properties [9,34,35],
as they present an inverse correlation between hardness and
packing fraction. For low-SiO, glasses (with SiO, content
< 70 mol. %, normal glasses), hardness increases with in-
creased packing fraction and decreasing SiO, content. In
contrast, the opposite behavior is observed for high-SiO,
glasses (anomalous glasses), wherein hardness increases upon
decreasing packing fraction and increasing SiO, content. The
transition between these two regimes occurs near 70 mol. %
SiO;, [8]. This anomalous behavior is generally explained by
a transition in deformation mechanisms, namely, silica-poor
glasses exhibit significant volume-displacing shear deforma-
tion shown as median/radial and lateral cracks [35], whereas
silica-rich glasses tend to exhibit volume-reducing densifi-
cation shown as ring/cone cracks [35]. In that regard, our
previous RingFSDP study [10] demonstrated that, at the ~
70mol. % SiO, transition point, large-sized rings begin to
emerge, and their relative fraction continues to increase as the
SiO, content increases. We speculate that the higher content
of large-sized rings leads to a more open structure which, in
turn, is associated with a higher capability for the glass to
be elastically compressed while resisting plastic flow, thereby
resulting in a higher hardness.

We compare the correlation of medium-range structure
with physical properties (density and hardness) between nor-
mal and abnormal glass-FS. FS is identified as abnormal
because its density (o) increases as the fictive temperature 7¢
increases, while for normal glass, p decreases as T; increases.
Based on the x-ray total scattering analysis of FS at different
T: [36], as well as our neutron measurements of alkaline-
earth aluminosilicate glass annealed at different temperature
for different durations (Supplemental Material [16]), we list
the signs of parameter-7; dependence (dParameter/dTy) in
Table I, where a positive sign indicates that the value of
that parameter increases as T; increases, and a negative sign
indicates that the value of that parameter decreases as T¢
increases. Both abnormal and normal glasses show the same
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TABLE 1. Signs of T; dependence of medium-range structure and properties parameters. Positive sign + means the parameter value
increases as T; increases; negative sign — means the parameter value decreases as T; increases.

Medium-range structure

Length-related packing fraction Properties
Glass type Ordering (FSDP area) Reciprocal space (FSDP position) Real space (MRD) Density (p) Hardness (H)
Normal — — + — —
Abnormal - + - + +

medium-range structure ordering change, i.e., become less
ordering (negative sign) as T; increases, which is normal, as
expected. In contrast, they show opposite MRD change: MRD
of normal glass increases as Tt increases, as illustrated in the
Supplemental Material [16], while MRD of abnormal glass
decreases as T; increases [36]. Except the MRD parameter,
both normal and abnormal glasses follow the same two uni-
versal rules which govern the structure-property correlation:
(1) inverse correlation between MRD density p; larger MRD
leads to lower p; and (2) positive correlation between density
p and hardness H, interpreted as higher p, higher packing
fraction and elastic modulus, then higher H [37]. Therefore,
the only abnormal part of FS glass is the positive MRD-T;
correlation, which has been studied extensively but remains
elusive [38,39]. Except this, everything else remains normal
for the abnormal FS.

V. CONCLUSIONS

In this paper, we have confirmed the applicability of RUM
theory [26] for silicate glasses, based on the short- and
medium-range structural information derived from the struc-
ture factor obtained from neutron total scattering. Short-range
Si0O4 and AlQOy tetrahedra are observed to remain intact among
all the aluminosilicate glasses studied, independently of the
thermal or pressure treatment, whereas medium-range ring
structures are found to exhibit some variation, as reflected
in significant observed changes in the FSDP in the neutron-
scattering structure factor. Close correlations are observed

between physical properties and the medium-range structure,
as captured by some changes in the position and intensity of
the FSDP of the neutron structure factor. Specifically, (1) the
density variation is inversely proportional to the ave. MRD
change, derived from the shift in FSDP position; and (2) a
positive correlation is observed between the hardness increase
and the medium-range order increase, revealed by the inte-
grated FSDP area increase.

The medium-range structure, specially represented as ring
size distribution, could be applied as a basis to decipher
changes in other properties involving atomic-level plastic
structural deformation, such as fragility, as well as to un-
derstand the origin of the variation in the glass-transition
temperature for field strength modifiers [40].

The Python program RingFSDP was used to derive ring-
structure information from neutron-scattering FSDPs. It can
batch process F(Q) files to acquire /(r) of FSDPs, profile fit
I(r), inverse Fourier transform to get F,,(Q), derive S,(Q), and
integrate and calculate total and n-membered ring numbers.
The code is available from the NOMAD beamline upon re-
quest.
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