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1 | INTRODUCTION

Traditional optical fibers work well for low-energy

| Stephen H. Garofalini’

Abstract

The atomistic structure and phonon transport in aluminosilicate glasses made via
an interfacial mixing model of the Molten Core process were studied using molecu-
lar dynamics simulations. In the simulations, silica glass was brought in contact
with different size alumina crystals (to afford core glasses with 4, 18, 24, 29, and
41 mole% alumina concentrations), followed by a melt-quench process to enable
mixing of the phases. The atomistic structure of the resulting glasses and radius of
gyration calculations of resultant Al-O-Al connected clusters were evaluated. Vari-
ation in the 1-dimensional thermal transport in each glass was also determined and
showed that increased alumina concentration in the glasses resulted in increased
transport of thermal energy. Results of the structural analyses showed a double
peak in the Al-Al pair distribution function, with the short-distance peak indicative
of edge-sharing Al-O-Al-O bonding and a longer distance peak of Al-O-Al bond-
ing that is not indicative of edge-sharing structures. The ratio of the first Al-Al
peak to the second Al-Al peak varied inversely with the thermal transport behavior.
An increased radius of gyration of Al-O-Al connectivity occurred with increasing
alumina concentration, providing a mechanism for the increased thermal transport.
Nanosegregation was also observed. Interconnectivity between Al ions created iso-
lated AI-O-Al bonded clusters at low alumina concentrations with lower thermal
transport than the high alumina glasses, whereas the latter showed a percolated net-

work of Al-O-Al bonds that increased thermal transport.
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traditional chemical vapor deposition (CVD) method of
making optical fibers limits the amount of alumina that can
be in the core of the optical fiber to about 12 weight% (8

telecommunications and laser systems, but there is a need
for optical fibers that can transmit high-energy light waves
without a significant amount of Brillouin scattering or Bril-
louin gain.' Previous studies have shown that optical fibers
with a core consisting of a mixture of SiO, and Al,O5 have
properties that allow the fiber to have a significantly
reduced Brillouin gain coefficient,> which should allow for
narrow-linewidth high-power lasers.> Unfortunately, the

mole%), resulting in optical fibers that still allow for a sig-
nificant and costly amount of Brillouin gain*> Fortunately,
another method for making optical fibers was developed
called the molten core approach.®’ Cr:YAG and YAG
(yttrium aluminum garnet) are 2 examples initially studied
as the core crystalline materials in the silica cladding fol-
lowing by fiber drawing.®” In this approach, a precursor
crystalline core material is set inside of the silica cladding,
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followed by the fiber drawing at temperatures sufficiently
high to melt the crystalline core. A portion of the surround-
ing silica cladding dissolves into the core, forming a sili-
cate glass based on the composition of the core crystalline
starting material. As an example relevant to this paper, this
method has allowed incorporation of over 50% alumina in
the aluminosilicate glassy core after fiber drawing.® Use of
a corundum core in the molten core approach for making
the fiber was shown to reduce Brillouin scattering signifi-
cantly.>'*'" At the high draw temperature, the corundum
core is molten and reacts with the silica cladding at the
core/cladding interface, allowing the silica to penetrate
throughout the core. Because of the significantly excess
volume of the cladding with respect to the core volume, a
core/cladding fiber is retained after drawing. The high tem-
perature of the melt can be above the consulate point of a
2-liquid immiscibility and combination of the rapid cooling
inherent in the draw process and the increased viscosity of
the constituents can prevent phase segregation (although
the cooling rate is much slower than the required cooling
rate to prevent phase separation in a high alumina alumi-
nosilicate glass).'® Additional benefits of using the molten
core approach for compositions other than just adding alu-
mina have been previously discussed.®”!?

Despite all of the accomplishments of these novel alu-
minosilicate optical fibers made using the Molten Core
method, what is lacking is an understanding of the atomis-
tic structure® of these glasses. Here, we present results of
molecular dynamics (MD) simulations of the mixing of
crystalline alumina and amorphous silica in the molten
state, quenched to create an aluminosilicate glass, followed
by analysis of the resultant structure and the vibrational
transfer of energy for different compositions.

2 | COMPUTATIONAL PROCEDURE

For this study, the molecular dynamics (MD) simulations
employed an all-atom multibody potential was used that
has been shown to successfully reproduce the structure and
surface energies of o- and y-alumina and vitreous silica
glass, and multicomponent silicate glasses and intergranular
amorphous aluminosilicate films between alumina crystal
surfaces.'*'® The potential involves 2-body and 3-body
terms:

The 2-body
following form,

e .02 N
ViJZ_—body — Ayexp i\ <Zzzje ) erfe i o
Pij rij By

and the optimal values of the parameters Ay, B;, and p;; for
each pair were determined in previous work. z; and z;

interactions are calculated using the

represent the full charge of the ions i and j, and e repre-
sents the elementary charge. r; denotes the separation
between the ions i and j.

The 3-body term is included to account for the partial
covalency of Si-O and Al-O bonding. These interactions
are described as:

If Tij <Rij and ry <Ry,

_ Yij Yik
y-body _ 7»1,1/27&/2 * eX 4+ Ojik, (2)
s 7t P Gy = Ry) T e Ra)|
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The angular component ®;; for Si/Al/-O-Si/Al/and O-
Si-O is given by,

2
®jik = (COS ejik — COS ejolk) (4)
and the angular component for O-Al-O is given by,
2
O = ((cos 0jix — cos 62,() sin 0 cos Oj,-k) 5)

where 0j; is the angle formed by the ions j, i, and k with
the ion i as the vertex. The Gz-k term in each equation is
109.45° and is designed to promote, but not restrict, tetra-
hedral bonding. The additional sine and cosine terms
enable Equation 5 to have multiple minima that add more
flexibility and reliability for Al bonding in tetrahedral and
octahedral states. Similar to the 3-body term on the Si,
which is tetrahedral but allows for 5-coordinated Si as a
reaction intermediate that can exist post quench in simula-
tions and experiment,'”'® the Al 3-body also allows for
5-coordinated Al to form at small concentrations. In recent
simulations of multicomponent silicate glasses, a small
concentration of 5-coordinated Al is observed.”® Parame-
ters are the same as previously published.?'*?

These molten core (MC) MD simulations involved
placing amorphous silica in contact with different size
0-Al,O3 crystals. System sizes are given in Table 1.
Initially, the amorphous silica was melted at high tempera-
ture for 500 000 time steps at 8000K while keeping the
alumina crystal frozen so as to attain the crystal/glass
interface. This was followed by melting the whole system
(both phases) at high temperature given in Table 2 to
allow for intermixing of the phases to create a molten alu-
minosilicate liquid, followed by quenching through inter-
mediate temperatures to form an aluminosilicate glass.
Periodic boundary conditions are employed in all 3
dimensions. The time step used in the simulations was
1 fs. The alumina crystals were sized to allow for the
resultant glasses to contain 4 mole%, 18 mole%, 29
mole%, and 41 mole% of alumina. The latter 3 composi-
tions were somewhat similar to compositions presented by



GREENBERG anp GAROFALINI

TABLE 1 Compositions, number of atoms, and systems sizes in
X, Y, and Z (in A), and expansion in Z

No. of Expansion
Composition atoms X Y Z (z)
4 mol% Al,O; 47142 53.66  42.309 337.28  2.90%
18 mol% AlL,O; 48000 58.258 50.352 269.6  15.70%
24 mol% AlLO; 49998 57.685 50.172 283.6  24.38%
29 mol% Al,O; 48300 52.802 49.891 301 30.60%
41 mol% Al,O; 48000 56.709 49.06 274.34 41.30%

TABLE 2 Melt/quench process. P; gives the pressure in the i
dimension. Below 4000K, constant pressure in all dimensions is used

Temperature Time Pressure

8000K 4000 ps Pz=10000 atm, Const. x & y
7000K 100 ps Const. V

6000K 75 ps Const. V

5000K 75 ps Const. V

4000K 200 ps Const. V

3500K 200 ps Px=Py=Pz=1 atm
3000K 200 ps Px=Py=Pz=1 atm
2000K 75 ps Px=Py=Pz=1 atm
1000K 50 ps Px=Py=Pz=1 atm
298K 25 ps Px=Py=Pz=1 atm

Dragic et al'® via the molten core process. The 4 mole%
composition was meant to represent the fiber core made
by the traditional chemical vapor deposition method,
although for this study it was created using the same sim-
ulated molten core approach as the other concentrations to
ensure that any differences in its properties would be a
result of the concentrations of alumina and silica, and not
some consequence of the process. The 24 mol% system
was added after consideration of Al-Al PDF data regard-
ing the intensity of the first peak, so some other data
were not deemed necessary. A second 41 mol% glass
made via this molten core approach was also done to see
the differences that might occur. The starting configuration
was the same as the first 41 mol% glass except that the
initial high temperature run of the silica alone in contact
with the crystal was run for twice the time to create a dif-
ferent starting silica glass structure in contact with the alu-
mina crystal.

An additional study using a classic MD simulation
approach for making a glass was also used for one of the
molten core compositions. In this classic simulation pro-
cess, the ions consistent with the 41 mol% system were
randomly distributed throughout a volume that would end
up at 298K with a density similar to the molten core
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simulated system. The initial distribution of ions was such
that no 2 ions were too close in distance. This glass is
labeled as the Melt Quench (MQ) glass, to distinguish it
from the “Molten Core” glasses. (Of course, both types of
glasses went through a melt quench process, but the initial
starting configurations were completely different.) The
structure of this resultant MQ glass and thermal transport
were analyzed and compared to that for the 41 mol% mol-
ten core glass.

Structural analyses of the glasses were obtained via
radial, pair and total distribution functions (RDF, PDF,
and T(r), respectively) where T(r) gives number of
neighbors as a function of distance. Al rich clusters were
observed in the aluminosilicate glasses and cluster sizes
were analyzed using calculation of the radius of gyration.
A cluster was determined by the connectivity of the Al
(via the O) using a program that finds all aluminum
atoms within a cutoff of any other Al atom in the clus-
ter. Two cutoffs were used: one at 2.85 A (the location
of the first minimum of the double peak in the Al-Al
PDF indicative of edge-sharing) and a second cutoff at
3.63 A (the minimum after the second peak in the Al-Al
PDF indicative of all Al-O-Al structures). The program
starts with an aluminum atom to create a potential clus-
ter, then loops through the rest of the aluminum atoms
in the system. If it finds one within the cutoff, the new
atom is added to the cluster and marked as used. The
program then goes back to loop over all unused alu-
minum atoms again to see if any are within the cutoff
of any of the members of the existing cluster. Once a
cluster is complete (no more Al atoms are within the
cutoff of any of the atoms in the cluster), the radius of
gyration of the cluster is calculated.

To determine the vibrational transport of thermal energy
along the z dimension (long dimension) of the simulated
fiber core, a localized thermal pulse was imposed on a por-
tion of the glass and the temperature change in a different
section of each glass was analyzed. In this process, a small
volume of atoms about 5 A thick, from 0O to 5A in the z
direction at one end of the glass was instantaneously
heated up to 4000K using velocity rescaling of the atoms
in that volume. This heating occurred for 20000 initial
steps followed by 80 000 steps with no further equilibra-
tion. The rest of the glass was not re-equilibrated through-
out the entire run and the temperature in a ~10A thick
volume in the middle of the glass core in the long direc-
tion was then tracked as a function of time to see how the
heat propagated through the system as a function of com-
position.

Observation of a dual-peak in the Al-Al pair distribu-
tion functions (PDFs) led to consideration of the cause
of these 2 peaks. The short-distance peak is attributed to
2-membered Al-O-Al-O rings (edge-sharing) in the
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resultant glasses, as discussed below, creating a short-
range local structure that also exists in the crystalline
corundum form.

3 | RESULTS

Figure 1A shows the starting configuration for the 18%
alumina system, whereas Figure 1B shows the system after
the molten core procedure. Clusters of Al (red) can be seen
in Figure 1B (of course, these are not metallic clusters of
Al, but rather with Al still bonded to O). Figure 1 shows
that the crystal melts and mixes thoroughly with the silica.

Figure 2 shows the radial and pair distribution functions
(RDF and PDF, respectively) for the 29 mol% Al,O3 glass
as an example of the glass structure. The RDF in Fig-
ure 2A exhibits a first peak at 1.61A, indicative of the Si-
O first peak, with a shoulder at the longer distance side
caused by the AIl-O. Figure 2B shows the Si-O PDF, 2c
shows the Al-O PDF, and 2d shows the O-O PDF. The Al-
O PDF shows a shoulder at the longer distance side of the
first peak, indicative of a dual spacing for Al-O bonds that
will be addressed below regarding small alumina rings.
The shoulder on the longer distance side of the first O-O
peak in the O-O PDF is caused by the presence of the Al
and increases with increasing alumina content.

FIGURE 1 A, Initial pre-melt configuration of the 18% alumina
system; B, post-melt/quench configuration. Al=red, Si=blue, O=gray

Figure 2E shows the Al-Al pair distribution functions
(PDF) for the 29 mol% Al,O5 glass. The Al-Al PDF exhi-
bits a double peak, with maxima at 2.70 A and 3.21 A and
a minimum at 2.85 A between them and a second mini-
mum at 3.63 A. This first peak in this double peak is a
result of 2-membered rings caused by edge-sharing, in
which the 2.70A peak is between Al that share an oxygen
edge as shown in the circle in Figure 3. Such edge sharing
is seen in the o-Al,Oj crystalline form containing 40%
2-membered rings. In their study of amorphous Al,Os,
Guiterrez et al*> observed 2-membered rings at 9.1%. In
our case, such 2-membered rings exist in the simulated alu-
minosilicate glasses, although, as shown below, larger scale
connectivity between Al ions via oxygen that are not in 2-
membered rings also exists and is indicative of Al-O-Al
connectivity. A “cluster” of 2-membered rings may exist
and will be shown below to be very small in size; larger
scale nanosegregation of Al (in what might also be called
“clusters”) involved in Al-O-Al connectivity without neces-
sarily being in 2-membered rings also exists and dominates
the structure. A distinction in the terminology of “clusters”
used in the text will use “edge-clusters” to distinguish dis-
cussion of the 2-membered rings cluster from the nanoseg-
regation of Al-O-Al bonding forming larger scale “Al-O-Al
clusters”. Examples of this AI-O-Al connectivity will be
shown below in subsequent figures.

A notable difference between systems of different com-
positions was the size of Al-O-Al clusters. Figure 4 shows
the clustering of the alumina as a function of Al,O5; content
for 3 of the systems via the groupings of the red Al ions.
Clearly, with more alumina in the glasses, there is more
connectivity between Al ions (via O). The size of the 2
types of clusters was determined using the radius of gyra-
tion of the clusters using 2 cut-off ranges for determining
the type of clustering. Using 2.85A as the cut-off radius
would provide cluster sizes of the 2-membered (edge-shar-
ing) Al-O-Al-O rings; using a cut-off of 3.63A would
include all AI-O-Al connections and Al-O-Al clustering.
The average radius of gyration for the 10 largest edge-shar-
ing clusters of 2-membered rings in each composition using
the edge-sharing cutoff of 2.85A varied from 1.4 A in the
4 mole% system to 3.4 A in the 41 mole% system and is
shown in Figure SA. The value of 1.4 A in the 4 mole%
system indicates that there are no or few “edge-sharing
clusters”, since this radius would mean a diameter distance
of 2.8 A which would just mean Al-Al distances in single
pairs in a 2-membered ring configuration. The largest clus-
ter of 2-membered rings has a radius of ~5A and is in the
41% composition, although, as the average radius for that
glass shows, there is a rapid decrease in the other 9 largest
edge-sharing clusters such that the average for the top 10
edge-clusters is only ~3.5A.
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FIGURE 2 A, radial distribution function of the 29 mol% glass; B, Si-O pair distribution functions; C, Al-O pair distribution functions; D,
0O-O pair distribution functions; E, Al-Al pair distribution function for the 29 mol% glass showing a first peak associated with the edge-sharing
Al-O-Al-O, with the second peak consistent with normal Al-Al distances in corner-shared tetrahedra

FIGURE 3 Edge sharing within an alumina cluster in the
aluminosilicate glass. Red=Al, gray=0. Si and other O not drawn

The radius of gyration using a cut-off at 3.63A, which is
at the end of the 2nd Al-Al first neighbor peak, provides
information regarding all Al-O-Al connectivity, regardless of
ring size. The average radius of the Al-O-Al clusters
increases with increasing Al,O5; concentration. With the lar-
ger cut-off, the size and percent of Al atoms in the largest
cluster varies as given in Table 3 and Figure 5B. At the 41
mol% compositions, almost all Al are within the largest clus-
ter (96 and 97%), with the next largest size dropping below
10A radius. The 29 mol% glass has 85% of the Al ions in a
single large Al-O-Al cluster. Contrastingly, the 18 mol%

18%

29%

41%

FIGURE 4 Snapshots of the 3 highest concentration alumina
glasses after the melt-quench process. Red=Al, blue=Si (O not
shown) showing the increased clustering of alumina with increased

alumina concentration

glass has a much smaller maximum cluster size, with a much
smaller percent of Al ions in that cluster; however, the next 8
smaller clusters are very similarly sized as the largest, indi-
cating a large number of small Al-O-Al clusters that are not
connected to each other. The 24 mol% glass has the next 10
clusters about 50% in size of the largest. Thus, the higher alu-
mina concentration glasses have most of the Al ions
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interconnected, forming a large percolated “Al-O-Al cluster”
that is indicative of nanosegregation; the lower concentration
glasses have a distribution of smaller clusters that are not
interconnected to each other. An example of the Al-Al con-
nectivity (via O) for the 41 mol% and 18 mol% glasses is
shown in Figure 5C. The figure provides a snapshot of the
molten core formed glasses at 41 mol% and 18 mol% (top
and bottom of the figure) showing Al-Al (via connecting
lines) within 3.6A of each other. The figure shows continu-
ous connectivity among Al ions (via O) in the 41 mol% glass
that is not present in the 18 mol% glass. Nanosegregation
has apparently been observed in 3-component molten core
glasses (J. Ballato, Personal Communication)

Figure 6A shows the coordination of O to Si and 6b
shows the coordination of O to Al. The figures show that
O is clearly attached to 2 Si in the 4 mole% Al,O3 glass,

TABLE 3 Largest size cluster of connected Al-O-Al using the
3.63A radius cut-off and percent of Al in the glass in this largest cluster

Al-O-Al Connected Clusters

Largest ) Al atoms in
Composition [AL,O5] Radius (A) largest cluster (%)
18 mol% 19 4
24 mol% 46 36
29 mol% 94 85
41 mol% 90 97
41 mol% Standard Melt/Quench 93 96

20

30 40 50

ALUMINA CONCENTRATION (mole%)

FIGURE 5 A, Average radius of
gyration of top 10 largest alumina clusters
of 2-membered rings as a function of
alumina concentration using the 2.85A
cutoff. B, Concentration of Al ions within
the largest Al-O-Al cluster as a function of
alumina concentration using the 3.63A
cutoff. C, Snapshots of the Al-Al
connectivity (via O) in the molten core
41mole% and 18 mol% and melt/quench
41 mol% glasses using the 3.6 A cutoff

with only a small percentage in 1 coordination. However,
with increasing Al,O3 in the glass, there is a decrease in
the concentration of O attached to 2 Si and an increase in
the concentration of O with no Si neighbors or 1 Si neigh-
bor. These changes in O attached to Si are compensated by
the connectivity of the O to Al, as seen in Figure 6B. At
the 4 mole% Al,Oj3 glass, the O have predominately no Al
as first neighbors, but with increasing Al,Oj3 in the glasses,
this decreases and is compensated with an increase in the
O with 1 or 2 or 3 Al neighbors. Such changes in the O-Al
coordination approaching a crystalline-like
structure, as previously evidenced with the edge sharing of
Al-O connectivity similar to o-Al,O3, but this is highly
random and not indicative of crystallinity. The Si are all 4
coordinated in the glasses; the Al-O coordination numbers
(CN) are shown in Table 4 showing a predominance of Al
in 4 coordination, with some 3 CN, few 5 CN and no 6
CN. The table also shows the O coordination to Si or Al,
with O in predominantly 2-fold coordination to the cations,
but with an increasing concentration of 3-coordinated O
with higher Al concentration. Such 3-coordinated O can be
seen in the 2-membered rings of Al in Figure 3.

Figure 7 shows combinations of SiOSi, SiOAl, and
AlOALI bonds on bridging oxygen as a function of Al,O3
in the glasses, showing the decrease in SiOSi triplets and
significant increase in AlOAl with increasing Al,O3. This
change shows a greater association of the Al ions with
other Al ion, consistent with the effects of nanosegregation.

is more
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FIGURE 6 A, Coordination number of O—Si (number of Si
attached to O); B, Coordination number of O—Al (number of Al
attached to O)

TABLE 4 Al-O coordination and O-(Si,Al) coordination; the Si
are all 4 coordinated to O

Composition AICN 3 Al CN 4 Al CN 5 Al CN 6
18 mol% 18 81 1 0
24 mol% 15 84 1 0
29 mol% 13 85 2 0
41 mol% 9 88 3 0
OCN 1 OCN2 OCN3 O CN 4
18 mol% 0 87 13 0
24 mol% 0 82 18 0
29 mol% 0 78 22 0
41 mol% 0 68 32 0

3.1 | Phonon-like transport

Incorporation of alumina into silica has been shown to
increase the acoustic velocity.?* Since Brillouin scattering
is affected by vibrations and phonon transport, altering
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FIGURE 7 Bridging oxygen combinations as a function of
alumina content in the glasses showing the decrease in SiOSi and
significant increase in AIOAI with increasing alumina

—Molten Core-1 41mol%
—Molten Core-2 41mol%
—Melt Quench 41mol%
—Molten Core 29mol%
—Molten Core 24mol%

Molten Core 18mol%
—Molten Core 4mol%

TEMPERATURE

60 70 80 90 100
TIME (ps)

FIGURE 8 Change in the temperature of the central part of the
glasses as a function of time over the final 40 ps showing that with
more alumina, there is a more rapid transfer of thermal energy. Also
shown is the second molten core run at 41 mol% and the standard
melt-quench 41 mol% glass, showing that the results are not
dependent upon the glass-forming procedure

polarizability, thermal excitement of atoms in a section of
the glasses was used to evaluate transport of this energy
via thermal transport through the glass. Figure 8 shows the
change in temperature of a section in the middle of the
glass as a result of heating a small section of glass atoms at
the 0-5A location in the z-dimension (the long dimension
in Figure 1). Because of periodic boundaries, this heated
section caused energy transport from both the bottom of
the glass in z as well as from the top of the glass in z.
Hence, the change in temperature in the middle of the glass
was used as a measure of this transport as a function of
composition. The temperature was sufficiently low that no
significant diffusion of ions occurred.



ournal

GREENBERG anp GAROFALINI

J iAmerican Ceramic Society

—18 mol%
—24 mol%
—29 mol%
—41 mol%

INTENSITY

2.00 2.50 3.00 3.50 4.00
r(A)
FIGURE 9 Al-Al total distribution intensity (T(r)) as a function

of composition. The first to second peak area ratios are calculated
from these curves

TABLE 5 Ratio of the first Al-Al peak area to the second Al-Al
peak area in T(r) for the different glass compositions

Glass Ratio
18 mol% 0.28
24 mol% 0.24
29 mol% 0.22
41 mol% 0.18
41 MQ NVT 0.24

Figure 8 clearly shows that with increasing the Al,Oj
content in the glasses there is a more rapid transport of
thermal energy through the glass after 100 ps. The 4 mol%
glass is clearly separated from the 18 and 24 mol% glasses,
which are separated from the 29 mol% glass, which is sep-
arated from the 41 mol% glasses. This is consistent with
the observed effect of adding alumina to silica glass on
acoustic velocity.>* Tt may also imply less Brillouin scatter-
ing with increased Al,O; in the glasses, as evidenced in
the experimental data from the Molten Core glasses.

The interesting structure observed in these simulations is
the formation of Al-O-Al-O edges associated with the first
Al-Al peak shown in Figure 2E. Calculation of the number
of Al neighbors as a function of distance, giving the total dis-
tribution function T(r), is given in Figure 9 as a function of
composition. Using T(r) shows the increase in the total num-
ber of Al-Al pairs in the first 2 peaks shown in Figure 9,
consistent with the increase in the AIOAIl concentration
shown in Figure 7. An interesting feature in Figure 9 has to
do with the ratio of these 2 peaks. The ratio of the first peak
area to the second peak area is given in Table 5 showing that

—Molten Core-1 41 mol%
—Molten Core-2 41 mol%
—Melt/Quench 41 mol%

INTENSITY

2.00 4.00 6.00 8.00
r(A)

FIGURE 10 AI-Al pair distribution function for the 2 different
starts 41 mole% glass formed by the process of melting the alumina
crystal in contact with silica used in this paper (Molten Core) versus
the standard melt/quench process used in many MD simulations of
starting with a random distribution of ions followed by the same
melt/quench procedure presented in Table 2. Results show that the
Al-Al structure is almost exactly the same with either approach,
resulting in the same thermal transport behavior for each of these 3
glasses (figure 8)

this ratio decreases with increasing alumina concentration.
The change in this ratio is inversely related to the increase in
thermal transport shown in Figure 8.

The anticorrelation between the 2-membered rings and
phonon transport might imply that their presence impedes
phonon transport. However, this would contradict the
behavior in the crystalline form, where phonon transport is
relatively high based on its low attenuation'® and there are
a large number of these 2-membered rings in corundum, as
stated above.

A more obvious link between the increased thermal trans-
port with alumina content is the size and number of Al ions in
the Al-O-Al clusters given in Table 3. The 4 mol% glass has
essentially no Al clusters and acts as a potential baseline in
Figure 8. With the 18 and 24 mol% glasses show similar
thermal transport increase since their Al-O-Al clusters are not
connected in a percolated network. The 29 mol% glass shows
a larger increase in thermal transport, but only has 85% of the
Al ions connected. With the 41 mol% glasses, Al-O-Al con-
nectivity above 96% shows the highest thermal transport.

As mentioned above, 2 additional glasses with 41 mol%
alumina were made: a second glass made via the molten
core approach (alumina crystal initially in contact with sil-
ica glass) and a glass made via the standard MD simulation
melt-quench approach (ions randomly distributed in the
volume as the starting configuration). The Al-O-Al bonds
(Al-Al distance below 3.63 IOX) for the 41 mol% molten
core and melt quench glasses are shown in Figure 5C (top
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and center). The overall structures are very similar. The
radius of gyration of each new glass is the same as found
for the original 41 mol% glass. Figure 10 shows the Al-Al
total correlation function for the 2 molten core glasses as
well as that made via the standard melt-quench method.
Results show that there is no difference between the 2 mol-
ten core glasses with each other or with that made by the
standard method. The transport in thermal energy of these
2 additional glasses is included in Figure 8, also showing
no difference between the different formation methods.
This indicates that the simulated molten core method would
generate a glass

melt-quench method.

similar to the standard simulation

4 | CONCLUSIONS

Increasing the alumina concentration in the aluminosilicate
glasses has a significant effect on the concentration of Al-
0O-Al bonding and enhanced thermal transport. Evaluation
of the rate of transport of thermal energy through the dif-
ferent glasses showed an increased rate for those glasses
with a higher alumina concentration and may be consistent
with the more effective reduction of Brillouin scattering
and gain observed in the high alumina glasses made via
the Molten Core method.'®

The aluminosilicate glasses studied here have a split Al-
Al PDF first peak, with the short-distance peak indicative
of edge-sharing Al-O-Al-O 2 membered rings, similar to
that observed in a-Al,O3; and a longer distance peak con-
sistent with Al-O-Al bonds not at edges. These edge-shar-
ing groups are interconnected to a maximum radius size of
5A in the highest Al concentration glass. The ratio of the
first Al-Al peak area to the second Al-Al area showed an
inverse relation to the rate of thermal transport in the
glasses. This ratio indicates the ratio of the concentration
of the edge-sharing Al-O-Al-O structure to that of normal
Al-O-Al connectivity.

Using the larger radial cutoff that includes both the first
and second Al-Al peaks for the radius of gyration calcula-
tion, much larger groups of Al-O-Al connectivity occurs.
The 41 mol% Al,O5; glasses exhibit significant Al-O-Al
connectivity throughout the bulk, as nearly all of the alu-
minum atoms in the bulk (96-97%) are connected through
nearest second neighbors (oxygen being the first nearest
neighbor). This apparent nanosegregation percolates
throughout the whole glass, enhancing the overall thermal
transport. Meanwhile, in the 24 and 18 mol% Al,0O;
glasses, there is not a continuous network of Al-O-Al clus-
ters throughout the whole glass, which decreases the ther-
mal transport. The 29 mol% system fits between these 2
ranges both in thermal transport and percent of Al ions in
Al-O-Al connectivity.
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The results of the thermal pulse simulations confirm that
the atomistic structure of aluminosilicates with higher alu-
mina concentrations make them inherently better at trans-
mitting phonons than
concentrations. The connectivity of the AI-O-Al bonding
provides more rapid paths for vibrational transport that are
not available in the silica portion of the glasses.

those with lower alumina
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