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Abstract: The striking feature of X-ray diffraction pattern of vitreous silica is that the center of its
intense but broad ring is located at nearly the same position as the strongest diffraction ring of
[3-cristobalite. Two fundamentally different explanations to the diffraction patterns were appeared
about 90 years ago, one based on the smallest crystals of 3-cristobalite and the other based on the
non-crystalline continuous random network. This work briefly outlines the facts supporting and
objecting these two hypotheses, and aims to present a new interpretation based on a medium-range
ordering structure on the facets of clusters formed in the glass transition process. It will be shown
that the new interpretation provides a more satisfactory explanation of the diffraction pattern and
physical properties of silica glass, and offers considerable valuable information regarding the nature
of glass and glass transition.
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Interpretation of X-ray Diffraction . . .
P Y When X-ray or electron beams encounter a crystalline material, they are diffracted by

the planes of the atoms within the crystal. The narrow, sharp peaks of diffraction patterns
let us decipher crystal structures with a high degree of accuracy. The diffraction technique
is appropriately the first choice for determining the structure of crystalline materials. Any
viable model of the crystal structure must be able to explain these diffraction patterns.
Although the intensity profile of the diffraction pattern of vitreous silica has no sharp peaks
and contains only one broadband, this band’s position and breadth are still crucial for
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challenged several generations of scientists. A convenient way to interpret the vitreous
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iations. On the other hand, the structural differences between silica glass and 3-cristobalite, caused
by different cooling rate, have to be identified.

Figure 1b shows the X-ray diffraction patterns of 3-cristobalite [1]. The similarity and

By difference between Figure 1a,b are apparent. Both diffraction patterns are ring-shaped, and
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Figure 1. X-ray diffraction patterns. (a) Vitreous silica, (b) 3-cristobalite. Reproduced from [1].

In the 1930s, there were two most influential theories for interpreting these diffraction
pattern: the crystallite hypothesis of Randall et al. [2-4] and the continuous random
network hypothesis of Warren [1,5-8]. These two hypotheses represent fundamentally
different views of glass diffraction pattern and the nature of the glass state. The details of
the augments that lead to these theories and the exciting debate regarding these theories as
well as several later related models can be found in the literature [9-14]. This work will
briefly outline Randall’s crystallite hypothesis and Warren’s continuous random network
hypothesis. This serves as background and contrast to a new interpretation of the silica
glass diffraction pattern based on the formation of nanoflakes, which are the medium-range
ordering structures in vitreous silica.

2. Previous Interpretations from the Crystallite Hypothesis and the Continuous
Random Network Hypothesis

In the 1930s Randall published several papers, which claimed that tiny 3-cristobalite
crystals with an average size of 1.5 nm cause the main features of the diffraction pattern
of vitreous silica [2-4]. Randall recognized that the intensity line of the strongest ring of
f-cristobalite (111) in Figure 2a locates at almost the same position as that of the center
of the diffraction ring of vitreous silica [2]. Additionally, the diffraction rings of crystals
become broader as the sizes of the crystals become smaller. Figure 2b,c show the size
effect on the intensity profiles of diffraction patterns. In Figure 2c, the observed intensity
profile is almost the same as the simulated profile of the 3-cristobalite powder with a size
of 1.5 nm, shown in Figure 2b. Under Randall’s interpretation, the difference between the
glass state and crystalline state is one of degree, not of kind.
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Figure 2. The microphotometer curves of the diffraction patterns for (a) cristobalite (b) simulated
profile of vitreous silica (c) observed profile of vitreous silica. Reproduced from [2].

However, there are several difficulties with the crystallite theory. First of all, the
assumption leads to a discrepancy between the observed and calculated density of silica.
The spacing of (111) planes obtained from the vitreous silica ring is 4.3 A, while that
from large (B-cristobalite crystals is 4.1 A. Such discrepancy is too large to match the
density calculation. Secondly, the 3-cristobalite undergoes a marked volume change in
the temperature range of 200-300 °C, but vitreous silica shows no such change. Thirdly, if
samples of vitreous silica are held at high temperatures, such as 1500 °C, one would expect
that the tiny 3-cristobalite crystals would grow larger gradually, and the broad diffraction
peak become narrow gradually. This is found not to be the case—the broad ring of vitreous
silica goes over abruptly into the sharp displaced rings of 3-cristobalite. These difficulties
of the crystallite theory are sufficiently severe that alternative interpretations were deemed
necessary.

Among these, Warren’s hypothesis is more widely accepted. It is based on non-
crystalline continuous random network theory [5-8]. It assumes no difference between
the vitreous and crystal forms of silica in the near range. Four oxygens tetrahedrally
surround each silicon with a silicon-oxygen distance of about 1.60 A, and each oxygen is
shared between two silicon atoms. Although the distance between neighboring tetrahedra
is defined, two tetrahedra orientations around the common direction of bonding are
completely random. Warren found that the calculated intensity profiles based on the
random network hypothesis match the experimental ones well. Warren also reexamined
the full width at half maximum (FWHM) of the broad vitreous silica diffraction peak using
the Scherrer equation and calculated the size of particles in silica glass to be only about
0.77 nm [6]. This is less than the size of the unit cell of a 3-cristobalite crystal, and hence,
there is no unit of structure to repeat itself at regular intervals in a 3-dimensional glass
network. Warren et al. therefore concluded that the interpretation of the diffraction pattern
of vitreous silica is in complete agreement with the conclusions of Zachariasen’s continuous
random network (CRN) theory illustrated in Figure 3 [8].
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Figure 3. Two-dimensional schematic diagram of the atomic structure of silica glass by Zachariasen’s
CRN theory. Reproduced from [8].

Although the CRN theory is the most popular glass structural model up to now and
is presented in many textbooks, it has to be regarded as a first-order approximation of
the glass structure. While the CRN theory is hardly challenged for its description of the
short-range structure as a SiO, tetrahedron and the long range as a random network, many
experimental data have to be explained by medium-range orderings of SiOy tetrahedra
rather than random connected in silica glass [15-19]. Since Warren’s hypothesis does not
identify the medium-range ordering structure in silica glass, a new interpretation based on
the ordering structure formation in the medium-range is needed.

3. New Interpretation from the Nanoflake Model
3.1. Cluster Formation in Vitreous Silica

Cooling rate is the crucial factor in the formation of silica glass or 3-cristobalite from
the liquid silica above the melting temperature. This is shown in Figure 4, the schematic
illustration of a time-temperature-transformation (T-T-T) curve [14,20]. The dashed line E,
which is a tangent line to the “nose” of the T-T-T curve, represents the critical process with
the minimum cooling rate to avoids crystallization. The cooling rates of processes A and B
are above the critical line and yield silica glass. While the cooling rates of processes C and
D are below the critical line and produce crystalline silica.

Tm

Temperature

Time of Heat Tretment

Figure 4. The schematic illustration of a time-temperature-transformation curve.
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Usually, the crystals are polycrystal, and only a particular procedure with crystal
seeds can make a large single crystal. The size distribution and the average size of the
polycrystal silica are also cooling rate dependent. In Figure 4, the cooling rate of process C
is higher than that of process D. It is expected that the average size of crystals obtained from
process C is smaller than that from process D. As the cooling rates of processes increase and
approach to the critical one from the right site of the T-T-T curve in Figure 4, the crystals’
average size gradually reaches the minimum value and the full width at half maximum
(FWHM) of each diffraction ring increases. The formed crystal with the minimum size
(crystalline nuclear) has the same 3-dimensional ordering structure as the large crystal.
The shapes of crystals nucleated from liquids are materials dependent. The smallest (3-
cristobalite crystal has a 3-D ordering structure with an octahedral shape, as shown in
Figure 5 [15,21]. Each facet of the octahedra is formed by two layers of SiOy tetrahedra
with a thickness of about 0.8 nm and lateral extension of about 2 nm. Figure 6a,b are the
image of cross-section of the layers and the image from the perpendicular direction of the
layers. Figure 6b shows that all Si-O bonds form 6-membered ring structure on the (111)
plane of 3-cristobalite. As long as the nuclei have formed in the cooling process, the crystal
sizes increase quickly and result in sharp diffraction rings.

C

Figure 5. Schematic figure of octahedral and isometric 3-cristobalite crystal.

In contrast to processes C and D, the cooling rates of processes A and B are higher than
the critical one, and only the embryonic clusters are formed in the processes. The embryos
need more time to grow into a crystalline nuclear, and thus are less ordered than the crystal.
The image from the perpendicular direction of the facet layers of the embryonic clusters
is formed by the various-membered rings, shown in Figure 3, which need more time to
organize to the six-membered rings. However, the cross-section of the layer structure on
the facets is similar to that of the smallest crystal, shown in Figure 6a. Therefore, the facets
of embryonic clusters have a one-dimension ordering structure, as the same as the smallest
-cristobalite crystal in the [111] direction, and the embryos generate only a broad ring
corresponding to the (111) reflection without other reflections in their X-ray diffraction
patterns.

Using the embryonic structure to interpret the silica glass diffraction patterns is
only suitable for the high-temperature range. Experimental results show that when the
silica glass is kept at 1500 °C for more than an hour, its broad diffraction pattern quickly
transforms to a sharp ring pattern of 3-cristobalite crystal [4]. However, if the silica glass is
kept at a temperature lower than 1500 °C, such as 950 °C or 900 °C, for a long time (2000 h),
the broad diffraction pattern does not change at all [22,23]. This temperature dependence
reveals that a stabilized structural transformation of the embryos occurred in the cooling
process from 1500 °C to 950 °C. Hence, it is necessary to identify the critical temperature at
which the embryos start to convert to stabilized structure.
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Figure 6. Two-layer structures (a) Side view from the [—110] direction of a 3-cristobalite crystal.

(b) Top view from [111] direction of a 3-cristobalite crystal. (c) Side view of the nanoflakes.

3.2. The Critical Temperature for Silica Glass

The sequence chart of silica polymorphic inversions shows that 1470 °C is the temper-
ature of phase transformation between [3-cristobalite crystal and {3-tridymite crystal. This
suggests that the structure of the 3-cristobalite crystal is not stable at 1470 °C [24]. Thus, the
growing path to the (3-cristobalite for the formed embryos is terminated at the temperature
of 1470 °C, and the embryonic clusters have to transfer to a different form to reduce the
system’s free energy. The temperature of 1470 °C might be the critical temperature for
vitreous silica, and there are analytical data to support this assumption. Figure 7 shows the
experimental data of silica glass obtained from advanced measurements using a combina-
tion of aerodynamic levitation, laser heating, and synchrotron X-ray techniques [25]. It is
believed that the origin of the first sharp diffraction peak (FSDP) in the X-ray scattering
experiments of silica glass is caused by the medium-range ordering structure, although the
exact form of the ordering structure is still being debated [25]. Figure 7 exhibits several
parameters associated with the FSDP in the structure factor Sx(Q) of silica. The FWHM,
area, height, and position of FSDP as a function of temperature are plotted in Figure 7a—d,
respectively. There are three datasets corresponding to three different setups for different
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samples, plotted as open circles, solid circles, and triangles. The inset of Figure 7e shows an
example peak fitted to Sx(Q) data. The vertical grey dotted line in the figures indicates that
all peak parameters show a kink around 1750 K (1477 °C) with an error bar of 50 K. The
distinct kinks at around 1477 °C for all peak parameters show structure change starting at
1477 °C. The increase in FSDP height and decrease in FSDP width and area upon cooling
indicates that the extent of ordering increases as temperature decreases. These results
are consistent with the hypothesis that the embryos start to transfer to stabilized form
at 1470 °C, and the population of the transformed embryos increases as the temperature

decreases below 1470 °C.
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Figure 7. Experimental data associated with FSDP in the structure factor Sx(Q) of silica. FWHM,
Area, Height and Position of FSDP are plotted as function of temperature in (a—d), respectively. There
are three data sets corresponding to three different setups on different samples. The inset (e) shows
the results of Lorentzian peak fits the FSDP in Sx(Q). Reproduced from [25].
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The structural changes at 1470 °C are not only detected by the structural analytical
technique, but are also reflected in vitreous silica’s physical properties. The classical
experimental data of the volume of vitreous silica as a function of temperature in the
range between 1100 °C and 1800 °C were published half a century ago by Bruckner [26].
Figure 8a is a graph reproduced from Bruckner’s data, which shows the abnormal volume-
temperature relation of silica glass. In Figure 8a, there is a volume minimum near 1500 °C.
Above this point the volume increases with the temperature. However, from this point
down to about 1100 °C, it anomalously increases as the temperature decreases. Using the
data shown in Figure 8a, the thermal expansion coefficient is calculated as a function of
the temperatures and shown in Figure 8b, which is seen to exhibit a step change, jumping
from negative to positive at around 1470 °C. Such discontinuity in the thermal expansion
coefficient is another indication that the embryonic clusters formed at high temperature
start to change to a stabilized structure at 1470 °C and the changes continue below 1470 °C.

45.55

(a)

45.525

IS
o
o

45.475

Specific Volume 10-2 cm3/g

45.45
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Temperature (°C)

5.00
3.75 (b)
2.50
1.25
0.00

-1.25

-2.50

-3.75

Thermal Expansion Coefficient 10-6/°C

-5.00
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Temperature (°C)

Figure 8. (a) The specific volume of vitreous silica and (b) the thermal expansion coefficient of
vitreous silica as function of temperature.
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3.3. The Stabilized Structure—Nanoflakes

The structure of two parallel layers, illustrated by Figures 3 and 6a, is not stable by
itself. To form a stabilized two-layer-structure, all SiO, tetrahedra in the top layer must
be face-to-face bonded to SiO, tetrahedra in the bottom layer. As shown in Figure 6c, an
O layer is in the middle of this structure as a mirror plane for both top and bottom layers.
Additionally, all rings formed by Si-O bonds connecting the top and the bottom layers are
4-membered rings with the same orientation. This stabilized structure is a one-dimensional
ordering structure in the medium-range, shaped like a “nanoflake”.

The layer structures in silica glass have been studied previously by a transmission
electron microscope (TEM) observation [15,27]. Figure 9 shows the TEM image of a fused
silica specimen, from which the fringes with 0.4 nm spacing and 2 nm in length can be seen.
The results are useful for confirming the layer formation in the glass but do not distinguish
between structures shown in Figure 6a,c.

Figure 9. TEM image of vitreous silica specimen. There are nearly parallel fringes about 1 to 2 nm
long spread over the image. The spacing of these fringes is about 0.4 nm.

The evidence that the two-layer structure shown in Figure 6¢ exists in vitreous silica
is the characterized distribution of the Si-O-5i bond angle determined from the famous
X-ray scattering data by Warren et al. [7]. From Figures 3 and 6¢, the Si-O-5i bond angles
in the nanoflake structures are not all the same and depend on the locations of O atoms.
Obviously, the Si-O-5i bond angle related to O atoms in the central mirror plane is 180°.
The bond angle related to O atoms located in the top and bottom layers can be calculated
from the bond length data, 0.162 nm between Si and O and 0.265 nm between O and O in
the SiO4 tetrahedron, and the geometry of the relative orientation of two corner-shared
tetrahedra in the ring structures. Figure 10 shows this geometry in a 6-membered ring.
Point C is the position of the O atom connecting the two SiO4 tetrahedra, points E and J
are the positions of Si atoms located in the centers of the SiO, tetrahedra, and points F
and K are the intersections of the extended lines AE and IJ with the planes BCD and CGH,
respectively. Since in Figure 10 points E, F, C, ], and K are located on the same plane, the
5i-O-Si bond angle ZEC]J is equal to 180° minus the angles ZFCE and ZJCK. Both angles
ZFCE and ZJCK are calculated to be 19.2°; thus, the Si-O-Si bond angle is 142°. For 5- or
7-membered rings, the relative orientations of SiO, tetrahedra are slightly different from
that shown in Figure 10; the calculated Si-O-Si bond angle is 135° and 138°, respectively.
Except the few O atoms located on the edges of the structure which form random Si-O-5i
bond angles, the majority of O atoms are located within the layers and are not influenced
by the edge effect. Since the ratio of O atoms located on the two layers to that located
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on the central mirror plane is 3, the most popular Si-O-5i bond angle in the structure is
near 140°. The actual distribution depends on the ring distribution of the SiOj tetrahedra,
which is influenced by the annealing/cooling processes. Overall, the Si-O-5i bond angle
distribution characteristics is very close to that obtained from X-ray scattering by Warren
et al. They found that the Si-O-Si bond angle distribution is not symmetrical, ranging from
120° to 180° with a maximum at 144° [7]. The measured most popular Si-O-Si bond angle
matches that of the stabilized two-layer structure, the nanoflakes. Therefore, the broad
ring of the diffraction pattern of silica glass is generated by the nanoflakes, described by
Figures 3 and 6c¢.

N
P o S

Figure 10. Geometry and relative orientation of two corner-shared tetrahedra in a 6-membered ring
of SiQ4 tetrahedra located in a nanoflake.

4. Discussions

The above interpretation of the diffraction pattern indicates a critical temperature of
1470 °C in the silica glass transition. At this critical temperature, a one-dimension ordering
structure, nanoflake, starts to form. Additionally, some physical properties, such as the
thermal expansion coefficient as a function of temperature, exhibit a step change, jumping
from negative to positive at the critical temperature. Such discontinuity in the thermal
expansion coefficient, a second-order derivative of Gibbs energy, is the defining feature of
the second-order phase transition [28,29].

Therefore, the new interpretation of the diffraction pattern of silica glass not only
reveals the evolution of the glass’s internal structure but also the nature of the transition.
The nature of the glass and the glass transition is a hotly debated topic for many decades.
This work could provide considerable valuable information on the debate.

More than 70 years ago, Walter Kauzmann proposed his eponymous paradox, and
since that time, it has remained an intriguing curiosity in understanding the nature of the
glass transition [30-32]. Generally, the entropy of the supercooled liquid decreases more
rapidly than that of the crystal. Thus, if we extrapolate the entropy of liquid smoothly
below the glass-transition temperature Tg, as shown by the heavy dashed line in Figure 11a,
it becomes equal to the entropy of crystal at the so-called Kauzmann temperature Tk. This
is a “paradox”, because it is difficult to visualize a liquid with the same entropy as the
underlying crystal. The phenomenon becomes even more overwhelming if one carries
the extrapolation to a still lower temperature. The extrapolated entropy of the liquid
may become negative; this would correspond to an apparent violation of the third law of
thermodynamics, which is denoted as the “Kauzmann catastrophe”.
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Figure 11. The entropy-temperature relation in the glass transition. (a) lllustrating the Kauzmann
“paradox”, at temperature Tk the liquid and underlying crystal have the same entropy. (b) Based on
the new interpretation of diffraction pattern of silica glass, the entropy function bent at the critical
temperature, and the Kauzmann catastrophe will never happened.

Crystallization is a typical mechanism for preventing such a paradoxical situation [30].
Kauzmann himself and several other research groups suggested that intensive crystal-
lization takes place slightly above the Kauzmann temperature, preventing realization of
such states. Thus, the entropy crisis at Tk is naturally avoided by crystallization. Another
mechanism is to introduce the concept of the ideal glass transition. The ideal glass has the
same entropy and heat capacity as the crystal. At Tk the equilibrium liquid transforms into
an ideal glass, so that the paradox can be avoided. However, the existence of such an ideal
glass transition itself is still a matter of debate. There are more proposed models and argu-
ments about entropy in supercooled liquids and glasses [31,32]. The essential controversy
has to do with our lack of understanding of entropy change in the glass transition process.
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The structural evolution uncovered from the new interpretation of the diffraction
pattern described in Section 3 can be used to analyze the entropy changes of silica in
the glass transition. Based on Section 3, the entropy of silica glass as a function of the
temperature may be predicted as shown in Figure 11b. In the temperature range from Tm
to Tc the glass is in the super-liquid state. For a cooling process along the solid curve in
Figure 11b, the sizes and numbers of the embryonic clusters increase as the temperature
decreases, and this results in a lower configurational entropy for the system [14]. For a
slower cooling process along the heavy dashed line in Figure 11b, more clusters form and
configurational entropy of system decreases more in this high temperature region. At the
critical temperature Tc, regardless the cooling rate, the clusters stop to grow, and the system
starts the second-order phase transition. The continuous decrease in the configurational
entropy of system in the temperature region lower than Tc is due to the formation of the
nanoflakes, the one-dimensional ordering structure on the clusters’ facets. The configu-
rational entropy reduction resulting from one-dimensional ordering structure in the low
temperature region is much slower than that in the high temperature region. Thus, for
all processes with various cooling rates, the entropy vs. temperature curve bends at Tc,
as illustrated in Figure 11b. More detailed study indicates that the second-order phase
transition of silica glass ends at the temperature near 950 °C, and the entropy function
should bend once more at 950 °C [28]. Therefore, the entropy function can never cross with
the underline for the crystals, and the Kauzmann catastrophe can never take place.

5. Concluding Remarks

The strong but broad ring in the diffraction pattern of vitreous silica is generated
from its one-dimensional ordering structure. The structure is formed by two layers of
SiOy tetrahedra spaced 0.4 nm apart, and bonded by O atoms located in the middle. The
structure is similar to that of reported two-dimensional, amorphous silica film deposited
on graphene [33]. However, the size is much smaller than that of the reported film. The
two-layer structure has the shape of a “nano-flake” and could be called nanoflake for
convenience. Adjacent nanoflakes are not parallel, but intersect each other to form a
cluster with a shape that is approximately octahedral. The clusters are about 2 nm in
size and are randomly orientated and distributed in the system such that bulk isotropy is
preserved. The nanoflakes start to form at the critical temperature of 1470 °C. The valuable
insights obtained from the new interpretation of the diffraction pattern might provide
a new approach to explain the physical properties of the glasses, such as the viscosity-
temperature relation of silica glass, anomalous mechanical properties, etc. [34-37]. The new
interpretation has revealed that silica glass is structurally heterogeneous in the nanoscale.
It is expected that multiple component silicate glasses, which include other oxides, such as
NayO and CaO, with the silica glass network, would also be structurally heterogeneous.
The prediction agrees with the modified random network (MRN) model [38]. Structural
model for more complicated silicate glasses based on the medium-range ordering structure
will be developed soon.

Moreover, the new interpretation appears to lead to fundamental changes in the
basic concepts regarding the nature of glass transition. The vitreous silica is related to
but fundamentally different from both crystal and liquid silica. The silica glass transition
can be recognized as a second-order phase transition after an incomplete first-order phase
transition.
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