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Supercooled silicate liquids exhibit several orders of magnitude increase in viscosity at the glass-
transition temperature (7,) towards the glassy state. Such a drastic dynamical slow-down leads to an
abrupt change in the slope of temperature-dependent thermodynamic properties because the
measurements reflect the equilibrium-to-non-equilibrium change from liquid to glass. However, an
underlying structural change associated with such a transition remains elusive. For instance,
understanding the structural origin of the variation in the coefficient of thermal expansion (CTE) of
silicate glasses upon vitrification is critical for glass-manufacturing processes and applications. Here,
based on temperature-dependent neutron diffraction, we demonstrate that the temperature dependences of
both short- and medium-range order structural parameters show a pronounced change of slope at 7, for a
range of silicate glasses of industrial importance. Interestingly, the short- and medium-range order

structural parameters are found to be mutually correlated, both below and above 7,. Based on these
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results, we find that the slope change of the area of the first sharp diffraction peak at 7, is correlated with
the extent of the CTE jump at 7,, which offers, for the first time, a structural origin for the discontinuity
in the CTE of glasses at T,. This study can therefore shine light on solving critical industrial problems,

such as glass relaxation.
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I. INTRODUCTION

The glass transition is one of the most challenging topics in condensed-matter physics [1].
When a supercooled liquid is cooled below the glass-transition temperature (7,) into the glassy
state, its viscosity suddenly increases by several orders of magnitude. Meanwhile,
experimentally-measured macroscopic properties, such as the specific heat capacity [2] and the
coefficient of thermal expansion (CTE) [3], show a continuous but abrupt decrease — i.e. a
change of slope through T,. Such an abrupt change is a consequence of the drastic dynamical
slow-down experienced by supercooled liquids as they approach the glassy state. The
properties measured for the above-T4 supercooled liquid are representative of the metastable
equilibrium state, that is, wherein the measurement time is much longer than the structural
relaxation time. In contrast, the properties measured for the below-T, glassy state reflect the
non-equilibrium state, since the experimental measurement time is much shorter than the
structural relaxation time of the glass. If, by a thought experiment, one could measure the
equilibrium thermodynamic properties of the below-T, glassy state, which means that a virtually
infinite time would be allowed for the glass to reach its equilibrium state, one would expect no
slope change in the temperature dependence of a property measured around T,. Nevertheless,
measurements of below-Ty non-equilibrium properties are very crucial as they capture the true
out-of-equilibrium nature of glasses used for effectively all the practical applications in everyday
life. Moreover, the through-T, slope change of the temperature dependence provides even more
critical information because it reflects the underlying configurational structural change from a
non-equilibrium to an equilibrium state [3], which, in turn, governs the low-temperature glass-
relaxation behavior but cannot be directly measured.

The microscopic structural manifestation of the glass transition has been observed in other
materials than silicate glasses. In detail, a slope change of the temperature dependence of the

first sharp diffraction peak measured by elastic neutron scattering has been reported for
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polymers [4]. A similar slope change has also been observed for the mean-square atomic
displacement, i.e. the Debye-Waller factor <u?>, in polymers and glassy selenium [5] based on
inelastic neutron scattering [5], and in amorphous proteins by Mdéssbauer scattering [6]. All
these materials exhibit a high fragility, that is, the viscosity exhibits a very pronounced variation
in the vicinity of Tq4. This leads to large through-T4 slope changes for experimentally-measured
macroscopic thermodynamic properties, and, consequently, relatively large changes of the
underlying microscopic structure. Here, we investigate the through-T; structural change of
industrially important silicate glasses, which present a much lower fragility (i.e., stronger
behavior) as compared to polymer materials.

The CTE of silicate glasses often increases by a factor of two to three times through T [3].
However, no clear microscopic structural signature of the glass transition in silicate glasses has
thus far been found. A number of in-situ high-temperature, diffraction studies of oxide glasses
[71, [8], [9] have concentrated on the structural changes occurring between room-temperature
(RT) glass and high-temperature (HT) melt. There are, however, a few in-situ studies reporting
measurements around Tg, in particular for potassium disilicate [10], soda-lime silicate [11]
glasses by neutron diffraction, and for fused silica (FS) [12], CaSiO; [13], CaAl.O4 [14] and
BaTi,Os [15] glasses by X-ray diffraction. However, none of those studies has revealed any
clear structural signature for the abrupt change in some macroscopic physical properties at Ty.
Therefore, it is often inferred that, for silicate glasses [10], [11], only subtle structural changes
occur at the glass-transition temperature, and consequently glasses are often considered as
simply being “structurally frozen liquids”.

On the other hand, remarkable progress has been made in understanding the kinetics and
thermodynamic properties of glass-forming liquids [5], [6]. Macroscopic measurements and
theoretical approaches have searched for the origins of the complex dynamics of the

equilibrium-to-non-equilibrium transition [16] [17], which is intimately related to the non-
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exponential [18] and nonlinear [19] nature of structural-relaxation processes in glasses.
Structural relaxation is also a critical and compelling topic in the display-glass industry [20], so
that an understanding of the structural origins of glass relaxation might help solve industrial
problems, in addition to answering fundamental physics questions. Since the supercooled liquid-
to-glass transition arises when the relaxation time exceeds the observation time [21], elucidation
of the structural changes occurring in silicate glasses through the glass transition might shine
light on the origin and mechanism of relaxation in glasses.

Recently, we demonstrated an analytical method to elucidate the continuous short-range
and medium-range structural change of fused silica (FS) at temperatures below the glass-
transition temperature using in-situ neutron total scattering [22]. In this study, we elaborate on
the structural variations occurring in the vicinity of the glass transition in three industrially
important silicate glasses from temperature-dependent neutron-diffraction data. We find that
both short- and medium-range order structural parameters show a signature of the glass
transition. Applying the method developed in [22], the short-range structural information is
derived from the nearest Si-O and O-O atom-pairs of the pair distribution function in real space.
The medium-range structural information is derived from the area of the first sharp diffraction
peak (FSDP) of the structure factor in reciprocal space. Despite the different length scales
which they reflect, the temperature dependences of these structural parameters are found to be
mutually correlated, both below and above T,. Furthermore, we find that the magnitude of the
CTE jump at Ty is correlated to the slope change of the FSDP area at T, which establishes a

structure-property relationship.

II. METHODS

A. Glasses
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In addition to the prototypical fused silica (FS) glass, three other silicate glasses were chosen
for in-situ high-temperature neutron-diffraction measurements to explore structural changes
through T7,. These glasses cover a wide range of values of CTE jumps, with CTEjiqua/ CTEgjass
ratios varying from 2 to 3.5. As listed in Table I, two are aluminosilicate glasses: CG contains a
mixture of alkaline oxides [23], while Jade® contains alkaline-earth oxides [3]. NIST 710a is a
mixed alkaline and alkaline-earth silicate glass [24]. T, values were determined from an
equilibrium three-point beam-bending viscosity measurement method [25], employing Angell’s

definition of Ty, which is the temperature when the equilibrium viscosity equals 10"? Pa.s [6].

Table I Description of four silicate glasses, the glass-transition temperature 7, density, the maximum temperature for
neutron measurement and number of collected diffraction patterns

Density T max No. of

Glass I.LD.  Description T, (°C) (g/cm’) ©C) patterns
FS Si0O, 1140 2.199 950 16
CG Mixed alkaline aluminosilicate [23] 677.4 2.416 825 13
NIST 710a  Soda lime silica [24] 551.5 2.544 660 13
Jade® Mixed alkaline earth aluminosilicate [3]  802.2 2.629 950 15

B. In situ neutron-diffraction measurements

Time-of-flight (TOF) neutron-diffraction measurements were performed on the Nanoscale-
Ordered Materials Diffractometer (NOMAD) at the Spallation Neutron Source (SNS), Oak Ridge
National Laboratory [26]. Glasses were core-drilled into 6 mm diameter and 24 mm long rods
and loaded into a vanadium can. The rods were heated in an ILL furnace with a 5 °C/min ramp
rate by following a staircase profile from room temperature to 100-150 °C above the particular
T4 temperature (except for FS). The furnace-temperature control error was +5 °C. At each data-
collection temperature, the sample was held isothermally for 25 minutes, which includes 5
minutes of hold time followed by 20 minutes of data collection. First of all, a room-temperature
scan was conducted. Then, for temperatures below T4, 20-minute scans were performed at

every 150 °C interval. Above T,, data collection was performed at 10-25 °C intervals from T4to
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~200 °C above T, (except for FS). The T4 temperature itself was intentionally skipped because
the relaxation times are similar to the neutron-measurement timescales in the vicinity of the
glass-transition temperature. Therefore, only the below-T4 non-equilibrium and above-T,
equilibrium data are used to study the through-Ty structural change. All the measured neutron
structure factors obtained in this study were normalized to an absolute scale, utilizing the low-r
region of G(r) criterion, as described in [27]. The statistical errors of the neutron structure factors
measured by this in-situ setup and the Fourier-transform propagation errors of the pair
distribution function are shown in [22].

C. Reciprocal-space representation of intra-tetrahedral bonds — Is;.o(Q) and lo.0(Q)

The detailed procedure to derive the reciprocal-space representation, /(Q);; for i-j atom pairs in
G(r) is illustrated in [22]. Here, we demonstrate how to obtain /5.0(Q) for the nearest Si-O atom
pairs. As shown in Figure 1(a), G(r) (red curve) can be decomposed into two additive
components: the Si-O nearest-neighbor peak itself, shown in black, and everything else,

denoted as G1{r) and shown in blue. Fourier transformation of G(r) and G1{r) leads to the
corresponding reduced structure factors, F(Q) and F{Q), with F(Q) = fOQmaxG(r) sin(Qr)dr.

As shown in Figure 1 (b), Isi.o(Q) is the difference between F{Q) and F(Q), shown as the black
dotted curve. It is mathematically equivalent to the direct Fourier transformation of the nearest-
neighbor Si-O atom pairs. We need to apply this procedure because our Fourier-transformation
algorithm only allows us to compute the Fourier transformation of G(r) over the entire range of r

values rather than over the extent of the individual single peaks of G(r).
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Figure 1 | Reciprocal-space I(Q) obtained by Fourier transformation of G(r)s;o for fused silica. (a)
Real space: original G(r) (red); G’(r) with 1** Si-O pair subtracted (blue); Gs.o(r) (black), both blue and
black curves are shifted down by 2 for clarity. (b) Reciprocal space: F(Q) of original G() (red); F’(Q) of
G'(r) (blue); 1(Q) of 1% Si-O pairs (black), where [(Q)=F(Q)-F’(Q).

III. RESULTS

A. In-situ high-temperature neutron-diffraction data

The reduced structure factors, F(Q) ( where F(Q) = Q [S(Q)-1]), of the four silicate glasses as a
function of temperature are presented in Figure 2. All the four glasses exhibit typical thermal-
vibration effects, that is, all the peaks become broader and their intensities decrease with
increasing temperature. The extent of the changes increases with Q?, as expected for atomic

correlations exhibiting a Debye-Waller behavior [28].
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Figure 2 | Reduced structure factor functions F(Q) of four silicate glasses measured from room temperature up to 150°C
above each specified T, (except for FS). The RT - F(Q) is plotted in black, then the color changes following the rainbow color
spectrum, until the highest temperature F(Q) is plotted in red.

The reduced pair-distribution functions G(r) are obtained by direct Fourier transformation of
F(Q), with G(r) = (%) fOQm“"F(Q) sin(Qr)dQ (Qmax= 50 A™). As shown in Figure 3, all the peaks

broaden with increasing temperature. The first peak, representing the nearest A-O pairs (where

A represents the glass formers Si and Al), is increasingly non-Gaussian and asymmetric with a

long-r tail.
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Figure 3 | The reduced pair distribution functions G(r) (@, =50 A™) of four silicate glasses from room temperature up to
150°C above each specified T, (except for FS). The same color scheme is used as in Figure 2.

B. Short-range structural change

The short-range temperature-dependent structural change, i.e., the AO, tetrahedra expansion,
is reflected in the change of the first two peaks of G(r), that is, the nearest-neighbor A-O and O-
O correlations. To derive accurate structural information, we choose to work with the reciprocal-
space representation of atom-pair correlations since it expands the signal and allows for more
reliable model fitting, as demonstrated in our RingFSDP method [29].

For the following analysis, we ignore the non-Gaussian asymmetry of the atom-pair
correlations. This Gaussian-distribution assumption allows for a stable fit of /(Q);; with sufficient
structural evolution information. For an atomic pair, ij, with a Gaussian distribution of a mean

distance r; and a root-mean-square (RMS) deviation in distance, < uj; >1/2 its contribution to

the reduced total structure factor, /;(Q), is represented by Eq. (1) [30]:
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j
1;(Q) = ' sin(r;Q) exp(—Q* <uj; >/2) (1

ij
where n{ is the coordination number, which is the number of atoms of type j around atoms of

CiCjbibj

S eb? with ¢; and b; being the atomic fraction and neutron scattering length of

type i, B;j =

chemical species i, respectively. The quantity r; is the mean value of the interatomic distance
between atom pairs i-j, and exp(—Q? < uizj >/2) is the Debye-Waller factor, with < ul-zj > being
the mean-square deviation of the interatomic distance.

We applied this method to the in-situ data for the four silicate glasses. A good fit was
obtained for all the glasses at all temperatures, with an adjusted r* value in the range of 0.98-
0.99. We tested using two atom-pair distances, Si-O and Al-O, for the /,.0(Q) fitting of the two
aluminosilicate glasses, but failed to obtain a reliable fit because the difference in Si-O and Al-O
bond lengths is less than a peak width. Instead, robust fitting can be attained by using average
A-O and O-O atom-pair distances and an average value of B;.

The A-O and O-O atom-pair distance changes with temperature are illustrated in Figure 4
(a) and (b). The average distances do not show a clear change in trend through the glass

transition.
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Figure 4 | Temperature dependence of A-O (A = Si or Al) (a) and O-O (b) atom-pair distances determined by I(Q) fitting
and A-O expansions with temperature (c). The fitting error bar is smaller than the symbol size. The CTE slopes (dotted lines)
are determined by a linear fit of the whole temperature-range expansion data for each glass.

Likewise, the mean-square atom-pair distance deviations of < u?_, > and <u3_, >,
derived from fits of /4.0(Q) and /o.o(Q), for the four silicate glasses, are displayed as a function of

temperature in Figure 5, and also do not show a clear trend through the glass transition.
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Figure 5 | Mean-square atom-pair deviation <ul?]-> changes with temperature. The fitting error bar is about the same scale as
the symbol size.

Local coefficients of thermal expansion (CTE), derived from the expansion of A-O atom-pair

distances, Expansion; = rTr_ﬂ are in the range of 7.6(7) — 13(1)x10® (K", in line with the local
RT

CTE values of soda-lime silicate glass (6(1)x10° K™) [11] and potassium disilicate glass
(9(1)x10° K™) [10], both determined from Si-O atom-pair distance changes measured by
neutron diffraction. Not surprisingly, the local CTEs show no correlation with bulk CTEs since
we should not expect the local view to represent the global view. However, we are interested in
exploring if the change of local view reflects the change of the global view.

In the following, we now plot structural parameters normalized by their value at T, as a
function of the scaled temperature T/T,, which is an analogue of the Oldekop—Laughlin—
Uhlmann—Angell (OLUA) format [31] adopted by Ngai [5]. The OLUA type of plot is an excellent
way to represent a glass-property change with temperature; it also allows one to compare

glasses with different values of T,. The analogue OLUA plots for <ri]->T/<rij>Tg and <ui2j>T/
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<ul-2j>Tg with T/T4 for A-O and O-O atom pairs are shown in Figure 6 and Figure 7. FS glass is

excluded here because it could not be measured through its T, value of 1140°C, as this is
outside the temperature range of the furnace used. A sudden change in slope is observed at T
for all four plots. The glasses were not measured at their exact T4 temperatures because the
relaxation times are similar to the neutron-measurement timescales in the vicinity of the glass-
transition temperature. Instead, the structural parameters at T4 used as the reference point for

the analogue OLUA plots were interpolated from the values of their two nearest measured

temperatures.
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Figure 6 | An analogue OLUA plot of scaled atom-pair distance Tij, / rl-]-Tg for A-O (a) and O-O (b) atom pairs as a
function of scaled temperature, 7/T,. Note the significant discontinuous increase of 1 /7, on passing through 7. The
T Tg

error bars have been propagated from the fitting error.
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atom pairs as a function of scaled temperature, 7/7,. Note the significant discontinuous increase of <u,;]->1/ <u,?]->rg on
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It is to be noted that we also did a direct Gaussian peak fitting of T(r) (T (r) = 4nrpy + G(1))
for all the data sets. As shown in Figure 8, the direct fitting analogue OLUA plots of both r; and
<ul-2j> for A-O atom pairs show the same sudden slope changes at T4, but no slope changes at
T4 are observed for the analogue OLUA plots for O-O atom pairs. Theoretically, fitting either a
single Gaussian peak in T(r) or a decaying sine wave in /(Q) should provide the same structural
values, rj and < ul?]- >, as demonstrated for A-O atom pairs. This indicates that both of the
fitting methods are capable of deriving the correct structural information and are not affected by
any truncation artifacts arising from the Fourier Transform, if any. The reason that direct fitting
does not lead to a slope change at T, for O-O atom pairs may be due to the O-O atom-pair
correlations overlapping with those of Si-Si atom pairs, in contrast to the well-defined A-O atom
pairs, as shown in Figure 3. As demonstrated in [22], direct peak fitting produces correct mean-

square atom-pair distance-deviation <uZ;_,> values that match with reported data [32], but give
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two times higher < u3_, > values at elevated temperatures; such a discrepancy might be
caused by the same overlapping reason. Therefore, the reciprocal-space [;(Q) fitting should be

applied for accurate structural information.
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Figure 8 | Direct 7(r) fitting and analogue OLUA plot of scaled atom-pair distance ri]-T/ T . for A-O (a) and O-O (b) and

i
mean-square atom-pair deviation <u,?l->7/ <u%]->Tg for A-O (c) and O-O (d) atom pairs as a function of scaled temperature,
T/T,. Note the sudden slope changes at T, of both 7;; (a)and <ul?]-> (b) for A-O atom pairs, but no slope changes at T, observed
for the for O-O atom pairs (c) and (d).

This is the first experimental demonstration of a change in slope of the temperature

dependence of short-range <ul-2]-> parameters through T,, and our findings are so far specific to

these three silicates. However, there is some indication that this behavior may be more general.
Incoherent neutron-diffraction experiments of systems as diverse as amorphous protein [6],
polymers and selenium [5] show a change of the mean-square atomic displacement <u?> slope
at Tq4. Although the mean-square atomic displacement <u?> is not directly related to the local

mean-square displacement <ul-2]->, they can be correlated. In fact, Angell [6] predicted changes

in the temperature dependence of the mean-square atomic displacement <u?> at T4 for SiO,

and B,0O; glasses, but experimental evidence for this was not available at the time.
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C. Medium-range structural change

The FSDP region of F(Q) and the corresponding medium-range G(r) curves for all four silicate
glasses are plotted in Figure 9. They are shown in the order from lowest CTE jump (FS) to the
highest (Jade®). Qualitatively, the high-CTE-jump glass, Jade®, shows a larger FSDP change
with temperature in terms of area decrease, and shape change with the intensity dropping more
on the high-Q side. We propose that the FSDP-shape change could be a sign of changes of the
ring shapes. The FSDP-shape change has a corresponding peak change in the region of 4-5 A
in G(r), as shown in Figure 9 (e)-(h), with two peaks broadening and approaching each other.
These peaks are a combination of second-nearest-neighbor Si~O and OO atom-pair

correlations [33], but need modeling work to be interpreted fully (work in progress).

Figure 9 | The FSDP region of F(Q) and its corresponding medium-range G(r) of four silicate glasses measured from room
temperature up to 150°C above each specified 7, (except FS). The same color scheme is used as in Figure 2. Note the FSDP
shape change, which skews more to low-Q, as shown by the arrow. Also note the abnormal peak change in the region of 4-5 A in
G().
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We focus on the reciprocal-space S(Q)-FSDP to study the medium-range structural change
for all four silicate glasses. Figure 10 shows the S(Q)-FSDP area change with temperature. As
discussed previously [29], we determine a linear background in F(Q), since F(Q) has very well-
defined minima on both sides of the FSDP maximum, and we integrate the S(Q)-FSDP area
above the background converted from the F(Q)-determined linear background. In Figure 10 (a),
the S(Q)-FSDP area is scaled by the RT value; all glasses, including FS, show a similar
negative slope below T, with good linearity, and a steep drop for the three silicate glasses at
their corresponding Ty values. The OLUA plot, S(Q)-FSDP area change scaled by T/Ty vs. T/Tg
for three glasses except FS, is shown in Figure 10 (b). A clear change in slope is observed for
all glasses at T/Tq = 1. This establishes the S(Q)-FSDP area as another structural signature of
the glass transition. A similar observation was reported for a metallic glass that the slope of the
height of the first peak of S(Q) versus temperature shows a steep drop at T, [34]. Again, this

indicates a more general behavior, not only specific to silicate glasses.
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Figure 10 | S(Q)-FSDP area drop with T. (a) S(O)~FSDP scaled by the RT value as a function of 7 for all four glasses. (b)
S(Q)r-FSDP scaled with T, values as a function of scaled 7' (7/T) for three glasses except FS. The error bars are calculated from
the S(Q)-FSDP area integration error which is propagated from the S(Q) counting statistics error.
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Intriguingly, as listed in Table |l and plotted in Figure 11, it is observed that the ratios
between the supercooled-liquid and glass slopes for the S(Q)-FSDP area change with T are
proportional to the dilatometrically measured CTE ratios above and below T4 This
demonstrates that we have found a microscopic structural fingerprint that is correlated with the
trend of the macroscopic properties when a glass is heated above the glass transition. The good
linear correlation (R?= 0.97) between the change in the microscopic quantity of the S(Q)-FSDP
area and the macroscopic bulk CTE is shown in Figure 11. This is probably the key result of this

study, as it establishes a clear structure-property relationship.

Table II CTE values measured by dilatometry, in comparison with the slope of the S(Q)-FSDP area drop for slope,, slope,
and their ratio (slope/slope,). The estimated errors for dilatometry CTE measurements are 0.25 and 0.5 x10°%/K! for glass and
liquid, respectively. The error in the slope for the S(Q)-FSDP area change is determined from linear fitting. The errors for the
liquid/glass ratio for CTE and slope are calculated by error propagation.

Dilatometry FSDP §(Q) area

Glass
1.D. CTEgjass CTEjiquia CTE Ratio Slopegiass Slopejiguia Slope Ratio

(x10°K")  (x10°K?)  (liquid/glass) (K (K" (liquid/glass)
FS 0.55 -0.120(4)
CcG 8.86 20.18 2.28(8) -0.143(2) -0.25(2) 1.8(1)
710a 8.81 27.25 3.1(1) -0.15(1) -0.40(4) 2.7(3)
Jade® 4.23 14.65 3.5(2) -0.19(2) -0.56(5) 3.0(4)

3.5

25

20

Slope ratio . diginss by S(Q) FSDP change

15 . 1 . 1 . 1
2.0 2.5 3.0 3.5

CTE ratio by dilatometry

liquid/glass
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Figure 11 | Correlation between a structural parameter measured by neutron diffraction and through-7, bulk CTE
changes measured by dilatometry. A positive linear correlation is observed between the S(Q)-FSDP area slope ratio
(supercooled liquid vs. glass) and the bulk CTE ratio (supercooled liquid vs. glass).

D. Correlation between short- and medium-range structural change

Since the temperature dependences of both short- and medium-range structural parameters
show a change of slope at T, it is reasonable to ask to what extent these parameters are
correlated. Figure 12 shows the Tg-scaled bond distance rao (a) and Debye-Waller parameter
<u%_, > (b) against the FSDP area. A linear correlation is found (R*= 0.77 for rao and R’ =
0.82 for < uj_, >) from the combined data of three glasses and it establishes a connection

between the short- and medium-range structural changes.
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Figure 12 | Inverse linear correlations between 7,-scaled short- and medium-range structural parameters by fitting all
three silicate glasses data. (a) Correlation between Ty-scaled 74.0 and S(Q)-FSDP area; (b) Correlation between T,-scaled

< u3_g, > and S(Q)-FSDP area.

Although this is not totally surprising, we want to further understand, maybe somewhat
speculatively, how these two different length-scales are connected. The mutual reorganization

of AQ, rigid units (A = Si and Al) was identified as being the origin of structural changes for both
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crystalline [35], [36] and glassy [37] silicate materials, where A-O-A rotations between AQ, rigid
units, including both bond-angle and dihedral- (torsion-) angle changes, only requires small
energy barriers to be overcome. The medium-range, reciprocal-space FSDP reflects the ring
structure [29]. The short-range metrics rj and <ui2j> are derived from the real-space nearest A-O
and O-O atom-pairs which form the basic AO, building block. The A-A atom-pair distance and
deviation, ra.a and <uf,_A> have the most direct connection to the A-O-A rotations. However,
the A-A parameters cannot be determined reliably from neutron-diffraction data because of the
small scattering length of Si or Al relative to O. Since all the atoms are connected with each
other, the values of A-A pairs are closely correlated to other atom pairs and the A-O and O-O
atom pairs are reasonably good proxies for the A-A parameters and hence the A-O-A angle.
This allows us to use rapo and < uﬁ_o > to represent the extent of A-O-A rotations, although
these parameters do not seem to have a direct correlation. Consequently, the increase of rao
and < uZ_, > with temperature can lead to a high degree of A-O-A rotation and a distortion of
ring shapes, which, as a result, can cause a decrease of the area of the first sharp diffraction

peak (FSDP). This can explain the inverse linear correlation observed in Figure 12.

IV. CONCLUSIONS

Temperature-induced structural changes for four silicate glasses have been studied by in-situ

neutron diffraction analysis, with special focus on the glass-transition temperature (Tg) range.

2,

The short-range structural parameters, r; and <ujj

>, normalized by their corresponding T

values, show significant increases at T4 with pronounced changes of slope of the temperature
dependence. These two values are indirectly correlated to the extent of low-energy A-O-A
rotations, which in turn represent the rearrangement of nearest-neighbor AQO, tetrahedral units.
Such rearrangements distort the ring shapes, which lead to a decrease in the S(Q)-FSDP area

with a steep drop at T,. Therefore, we demonstrate that both the short-range r; and <ul-2j> and
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medium-range S(Q)-FSDP area structural parameters capture the structural changes occurring
at the glass transition. Despite the different length scales which they represent, these
parameters are found to be mutually correlated through the entire temperature range

investigated herein, both below and above T,. Although rj and <uf;> are fundamental to a

description of the short-range structure, they are more difficult to obtain compared to direct
peak-area integration of the S(Q)-FSDP. The correlation between the two may thus enable the
characterization of silicate structures more quickly and when a full range of S(Q) measurements

is not possible, such as for sample environments that offer limited angular accessibility.

Code availability

Python program - Tetrahedron Expansion was used to batch process F(Q) files to acquire /(Q)
of A-O and O-O pairs and then profile fit /(Q). The codes are available from the NOMAD
beamline of ORNL upon request.

Data availability

The datasets generated and analyzed in this study are available from the corresponding author
upon reasonable request.
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