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Abstract

The structure of soda-lime alumino-borosilicate glass was studied using molecular
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network forming cations (Al/B/Si) to network modifiers (Ca/Na) were examined,
which is difficult to measure experimentally. The results are consistent with avail-
able experimental data regarding cation-oxygen bond lengths and network former
to oxygen coordination numbers. Si and Al are predominantly 4-coordinated, with
a small concentration of overcoordinated species similar to experimental data. B
varied as 3-coordinated, BOs;, and 4-coordinated, BO,, as a function of the
amount of Ca®" and Na* present, the ratio of Al,O5 to B,Os, and the fictive tem-
perature of the sample, similar to experimental data. The simulations provide new
information regarding the locations on the network modifiers to the +3 cations, Al
and B. For instance, one Al ion can have multiple Na within 4 A, but also the Na
can be within 4 A of several +3 cations. Such results would indicate a greater
complexity of local structure that goes beyond the stoichiometric one +1 modifier
ion near one +3 network former or one +2 modifier near two +3 formers in tetra-

hedral sites.
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1 | INTRODUCTION

Silica glass is composed of SiO, tetrahedra that are con-
nected to create an amorphous network. Introducing alkali

Aluminoborosilicate glasses are widely used in many tech-
fiber glass, pho-
sequestration of

nologies such as commercial glasses,
glazes, and the
radioactive waste.' For instance, E-Glass is a type of alu-
mino-borosilicate glass with a particular range of composi-
tions and E-glass fibers are used in composites for their
ability to maintain their strength properties over a wide
range of conditions.®® Extensive effort has been made to
document the properties of various alumino-borosilicate
glass compositions, as well as efforts to explore the struc-
ture of alumino-borosilicate glasses.” '

tochromic glasses,

and alkaline-earth elements into a pure silica structure, the
cations act as modifiers and reduce the connectivity in the
tetrahedral network. When introducing Al,O3; and B,0;
into the continuous random silicate network formed by the
corner-sharing SiO, tetrahedral network, the Al and B
atoms replace the Si, forming mostly AlO, tetrahedra and
trigonal BO; and BO, tetrahedra.'* However, charge com-
pensation of these +3 cations in the +4 Si network tetrahe-
dral site is required and alkali and alkaline-earth cations
can provide such compensation. When modifiers are added
to borosilicate glasses the formation of tetrahedral boron
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(BO,4) over trigonal boron (BO3) occurs up to about 40%
alkali,">'® depending upon modifier and silica content, with
formation of more nonbridging oxygens (NBO). Moreover,
different cations alter the structure of the alumino-borosili-
cate glass because of their different cation field strengths.
Wu and Stebbins reported that Ca®* more strongly pro-
motes the formation of NBO than K™ because of its higher
field strength.'* The structure of borosilicate glass with
modifiers Na* and K* is no different from borosilicate with
only one of these two modifiers.'” Higher cation field
strengths also increase the formation of five coordinated Al
(Al in aluminosilicate glasses.18 However, in the metalu-
minous region, cation charge influences NBO formation.'®

Although nuclear magnetic resonance (NMR) studies
have provided excellent information regarding the structure
of alumino-borosilicate glass and cation-anion distances, it
is difficult to determine the interaction distance and coordi-
nation numbers between Al/B/Si to modifiers such as Na
and Ca. Simulations on calcium in aluminosilicate glasses
have been performed to determine pair distribution func-
tions (PDFs) of Al/Si-Ca.'>" However, these involved
very small system sizes and, in the classical simulations
used in those references, an inaccurate and overly restric-
tive 3-body term on the Al was used in comparison to the
more reliable version presented below.?® A more extensive
analysis of more complex systems is presented here, with
additional information indicating the coordination of the
modifiers to the 3* network formers, Al and B.

The aim of this paper is to analyze the structure of alu-
mino-borosilicate glasses of varying compositions using
molecular dynamics simulations to determine the bond or
interaction distance between different atomic species and
the coordination of the Al/B/Si—Ca/Na atom pairs to pro-
vide information on the behavior of modifiers on the alu-
mino-borosilicate glass structure.

2 | COMPUTATIONAL PROCEDURE

The multibody potential of the following form is used,

— BMH 3—body
V= Zi;ﬁj Vij + Zi#j#k Vjik (1)

where Vi?MH represents the Born-Mayer-Huggins (BMH)
pair potential term, and Vik_ body represents the three-body
term. The BMH two-body interactions are calculated using
the following form,

— s .02 ,
VIMT = Ajexp i) (leje )erfc Ty )
Pij Tij By

and the optimal values of the parameters A, B;;, and p; for
each pair were determined in previous work and are given
in Table 1.2'*? z; and z; represent the full charge of the

ions i and j and e represents the elementary charge. r;
denotes the separation between the ions i and j. The com-
plementary error function (erfc) in the Coulomb term of
the BMH equation behaves such that the pair potential
function is zero when the separation of the ions is greater
than 5.5 A.

The three-body term is included to account for the par-
tial covalency of Si—O, Al-O, and B-O bonding. These
interactions are described by the following formulas:If r;<-

R,:]' and rik<Rik)

Vij Yik
+ O, (3
(rj —Ry)  (ric — Rax) o

3—body _ ~34%
Vjik = \2\2

i\ * eXp

else,
Vi =0 @

The angular component ©;; for Si/A/B-O-Si/Al/B and
O-Si/B-0 is given by,

2
O = (cos Ojix — cos Gjoik) 5)

and the angular component for O—AIl-O is given by,

Oji = ((Cos Bjic — cos 92’k> sin 8y cos ei”‘) 2 ©

where 0 is the angle formed by the ions j, i, and k with
the ion 7 as the vertex. Even though the cos Gj(?ik term in
Equation (6) is 109.5°, the additional sine and cosine terms
enable Equation (6) to have multiple minima that add more
flexibility and reliability for Al bonding. The parameters
Xij» Vi Ry, and 9_2,( are given in Table 2. Note that there
are no three-body terms centered on Ca or Na because
bond directionality is not expected. This potential form,
with the different 3-body terms (Equations 5 and 6) has
been used previously for simulations of silica, alumina,
and glassy silicates and aluminosilicates.”***° While
some potentials use very stiff 3-body terms, the 3-body
forms shown here are relatively soft and are not overly
restrictive. Hence, Equation (6) for Al allowed for the use
of this one form for the accurate structure of y-Al,Os3,
where the Al is in both 4- and 6-coordination, while also
giving accurate structure for o-Al,O3;, where Al is in 6
coordination®”.

Constant volume and temperature simulations were per-
formed on 14 samples with compositions given in Table 3.
The first eight compositions chosen were based on previous
work that had used the same compositions but smaller sys-
tem sizes.”” Two densities were used for these glasses to
mimic different fictive temperatures for the same composi-
tions: LowEG (1-4) had densities of 2.30, 2.40, 2.45,
2.40 g/em?, respectively, and the EG (1-4) had a density of
2.55 g/em®. The compositions of the last six samples in
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TABLE 1 Parameters for modified BMH pair potential

Atom 0} Na Ca B Al Si
Charge (z;) -2 +1 +2 +3 +3 +4
Atom Pair Ay B;(pm) pi(pm)
0-0 0.0725 234 29
Si-Si 0.1877 230 29
Al-Al 0.0500 235 29
B-B 0.1100 230 29
Ca-Ca 0.7000 230 29
Na-Na 0.2159 230 29
Si-Al 0.2523 233 29
Si-B 0.2000 230 29
Si-Ca 0.2215 230 29
Si-Na 0.2001 230 29
Al-B 0.0450 230 29
Al-Ca 0.2420 230 29
Al-Na 0.2178 230 29
B-Ca 0.1930 230 29
B-Na 0.1740 230 29
Si-O 0.2962 234 29
Al-O 0.2490 234 29
B-O 0.1400 234 29
Ca-O 0.5700 234 29
Na-O 0.3195 234 29

TABLE 2 Three-body potential parameters

i (et MED @A) RyA) 05O
Si/Al/B-O-Si/Al/B 0.001 2.0 2.6 109.5
O-Si/AI-O 0.024 2.8 3.0 109.5
O-B-O 0.024 2.8 3.0 120.0

Table 3 were chosen to characterize the structure of alu-
mino-borosilicate glasses with controlled variation in the
composition and also have a density of 2.55 g/cm’.

A melt-quench procedure was used to produce the alu-
mino-borosilicate samples. Each glass sample was formed
with simulations in the following order with a time step of
0.1 fs: 100 K for 1 ps; at 8000 K for 10 ps; at 6000 K for
20 ps, 50 ps at each temperature for 5000, 4000, 3000, and
2000 K; at 1000 K for 20 ps; at 300 K for 10 ps. While
the quench rate is fast (~10"* K/s) recent work by Adel-
stein and Lordi showed that quench rate differences from
10" to 10" K/s did not show any significant difference in
structure.”® The size of each sample calculated was based
on the density of the glass and the number of atoms in the
sample. Three-dimensional periodic boundaries
imposed on the systems.

were
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TABLE 3 Composition of the alumino-borosilicate glass samples

Total

SiO, Al,O3 B,03 CaO Na,O number

Name (mol%) (mol%) (mol%) (mol%) (mol%) of atoms
LowEGI1 68.6 2.89 8.46 10.5 9.51 20 000
LowEG2 69.6 5.86 429 10.6 9.63 20 001
LowEG3 59.6 2.93 17.2 10.6 9.63 20 000
LowEG4 62.2 12.2 4.47 11.1 10.0 20 001
EG1 68.6 2.89 8.46 10.5 9.51 20 000
EG2 69.6 5.86 429 10.6 9.63 20 001
EG3 59.6 2.93 17.2 10.6 9.63 20 000
EG4 62.2 12.2 4.47 11.1 10.0 20 001
EGASBI15 60 5 15 10 10 19 998
EGA10B10 60 10 10 10 10 19 998
EGA15B5 60 15 5 10 10 19 998
EGCa20 60 10 10 20 0 20 000
EGCal0 70 10 10 10 0 19 998
EGNa20 60 10 10 0 20 19 998
EGNal0 70 10 10 0 10 19 998

3 | RESULTS AND DISCUSSION

The radial distribution function was calculated for individ-
ual cation-oxygen pairs (Si/Al/B/Ca/Na-0), and B—Ca/Na,
and Al-Ca/Na interactions, creating PDFs. The positions
of the peaks of each pair for all samples are given in
Table 4 as well as experimental results. The Si—O bond is
1.61 A and matches well with results from Greaves
et al.>® Figure 1 shows the PDFs of the Si-O bonds for
six compositions; the rest of the compositions have very
similar PDFs (see Supporting Information). The mean
coordination for the Si—O bond for every sample, found
on Tables 5-11, confirms the SiO, tetrahedral network and
also shows there is a small percentage of 5-coordinated Si,
indicating the presence of SiOs. In those compositions
with Na concentration in excess of Al, the concentration
of 5-coordinated Si is slightly above 1%; otherwise it is
below 0.6%. Both are higher concentrations of the SiOs
than we normally find for Si in pure silica using this
potential. 5-coordinated Si has been observed in NMR
studies following the predictions from MD simula-
tions.***! Samples EGA5B15, EGA10B10, and EGA15B5
indicate that as the ratio of Al,O3/B,0Os increases, the
presence of SiOs increases. There is otherwise no correla-
tion between the presence of 5-coordinated Si and ratio of
Al,03/B,05 found in the other samples shown in the Sup-
porting Information.

The Al-O bond is 1.705-1.715 A, similar to that
reported in aluminosilicate zeolites,32 but lower than the
1.74-1.77 A reported in several experiment studies.*
Figure 2 shows the PDFs of the AI-O bonds for six



TABLE 4 Bond lengths in aluminoborosilicate glass systems of ~20 000 atoms at 300 K, acquired by using g,,(r)

(in A) Al-Ca Al-Na B-Ca B-Na AlOy4 BO3 BO,
1.715% 1.77*

Ref 3.37%P N/A N/A 3.20¢ ,1.76™,1.74" 1.37°,1.37" 1.48% 1.46"
MD
LowEG1 3.23 3.34 3.16 3.17 1.715 1.365 1.46
LowEG2 3.29 3.26 3.18 3.18 1.71 1.355 1.455
LowEG3 3.25 3.3 3.17 3.22 1.715 1.36 1.455
LowEG4 3.21 3.27 3.21 3.25 1.705 1.345 1.45
EG1 3.24 3.27 3.16 3.17 1.715 1.365 1.455
EG2 3.25 3.27 3.15 3.2 1.715 1.355 1.455
EG3 3.28 3.29 3.16 3.19 1.715 1.355 1.45
EG4 3.23 3.26 3.15 3.23 1.715 1.35 1.45
EGAS5BI15 3.24 33 3.2 3.16 1.715 1.36 1.455
EGA10B10 3.25 3.29 3.19 3.15 1.71 1.355 1.445
EGA15B5 3.23 3.3 3.18 3.18 1.71 1.35 1.45
EGCalO 3.26 N/A 3.19 N/A 1.71 1.355 N/A
EGCa20 3.24 N/A 3.18 N/A 1.715 1.355 1.435
EGNal0 N/A 3.29 N/A 3.16 1.715 1.35 N/A
EGNa20 N/A 3.24 N/A 3.13 1.71 1.365 1.445

12 [Computation].

b19 [Computation].

<44 [Computation].

45 [Computation].

¢39 [Computation].

38 [Experiment].

246 [Computation].

h47 [Experiment].

i34 [Computation].

29 [Experiment].

k33 [Experiment].

137 [Experiment].

™34 [Experiment].

"33 [Experiment].

Ca-O
2.50%,2.36",
2.45%2.35™

2.38
2.39
251
248
2.49
2.44
2.51
2.49
2.46
245
247
2.51
247

N/A

N/A

Na-O

2.52-2.60"

2.7
2.67
2.65
2.64
2.64
2.63
2.66
2.65
2.61
2.61
2.61
N/A
N/A
2.65
2.58

Si-O

1.60- 1.61

1.61
1.61
1.61
1.61
1.61
1.61
1.61
1.61
1.61
1.61
1.61
1.61
1.61
1.61
1.61

Si-Ca

3.40°, 3.50"

3.47
3.44
3.43
3.44
3.44
3.42
3.39
343
34
3.41
3.43
3.46
3.45
N/A
N/A

Si-Na

3.40'

3.44
3.42
3.41
3.42
3.41
3.39
3.4
3.42
3.35
3.36
3.36
N/A
N/A
3.4
3.32
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FIGURE 1 The Si-O bond distances at 300K of samples
EGA5BI15, EGA10B10, EGA15B5, EGCa20, EGCal0, EGNa20,
EGNal0 [Color figure can be viewed at wileyonlinelibrary.com]

compositions; the rest of the compositions have very simi-
lar PDFs as shown in the supplementary information. Also,
the mean coordination of Al-O indicates the presence of 5-
coordinated Al (AlOs), and a minor (<0.5%) 6-coordinated
Al (AlOg). Such overcoordinated Al has been observed
experimentally.'""'"® Of the EGAS5B15, EGA10B10, and
EGAI15BS samples, EGA10B10 has the lowest percentage
of AlO, and the highest percentage of AlOs and AlQ.
Also, the percentage of Al atoms forming AlOs correlates
with the increasing density, which is an inverse correlation
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with the fictive temperature of the glass, as shown in the
supplementary information regarding the difference in the
“LowEG1-4” series with low density and the “EG1-4" ser-
ies. Such a result is consistent with experiments performed
by Wu and Stebbins.*®

Figure 3 shows that the PDF of the B-O bond has two
peaks, which correspond to the bond distances of BO3; and
BO, between 1.37 and 1.46-1.48 A, respectively.’’>° Wu
and Stebbins®® showed that the BO3/BO, ratio can be
changed by fixing the presence of a network modifying
cation (Na*, Ca’*) and by varying the B,O; in a sample;
the AlLO; mol% in the glass was fixed throughout.
Namely, for alumino-borosilicate glasses, the ratio of BO3/
BO, decreases with increasing Na,O (decreasing CaO) and
with increasing B,03 (decreasing Al,O5), depending on the
Al,0O3/ B,O3 ratio. Our simulation extends that result by
comparing three glass samples, namely EGAS5SBI15,
EGA10B10, and EGA15B5, with 10 mol% CaO and Na,O
each and a varying ratio of Al,03/B,05. From this it can
be shown how the structure changes when both modifier
cations are included. Figure 3A indicates that the ratio of
Al,03/B,0; affects the ratio of BO3;/BO,, showing
decreased BO, with increasing Al,O; with a constant

TABLE 5 Cutoff and average radius, mean coordination, and coordination distribution of EGA5B15 at 300 K

EGA5B15  Cutoff R (A) AvgR(A)  Avg Coord 0
Si-O 1.9 1.62 401 0
Al-O 2.3 1.76 426 0
B-O 1.9 1.44 3.60 0
Al-Ca 4.6 3.53 1.34 21.62
Al-Na 4.76 3.66 243 6.60
B-Ca 43 3.41 1.06 28.99
B-Na 4.52 351 2.13 7.04
Si-Ca 458 3.68 0.97 35.04
Si-Na 4.68 371 2.19 8.25

1 2 3 4 5 6 7 8
0 0 0 98.60 1.40 0 0 0
0 0 0 74.92 24.26 0.83 0 0
0 0 39.66 60.34 0 0 0 0

39.27 26.07 9.74 3.14 0.17 0 0 0
19.31 2591 28.05 13.53 5.61 0.99 0 0
43.45 21.45 5.17 0.88 0.06 0 0 0
24.75 32.89 22.55 9.90 2.42 0.44 0 0
39.38 19.80 4.76 0.88 0.14 0 0 0
22.74 30.23 23.87 11.30 2.94 0.63 0 0

TABLE 6 Cutoff and average radius, mean coordination, and coordination distribution of EGA10B10 at 300 K

EGA10B10  Cutoff R (A) AvgR (A)  Avg Coord 0
Si-0 1.9 1.62 4.01 0
Al-O 23 1.76 425 0
B-O 1.9 1.43 353 0
Al-Ca 4.58 3.53 1.29 23.02
Al-Na 4.74 3.64 227 7.43
B-Ca 434 3.42 1.03 32.34
B-Na 45 3.52 1.97 10.81
Si-Ca 4.56 3.67 0.95 36.17
Si-Na 4.7 372 2.20 7.62

1 2 3 4 S 6 7 8
0 0 0 99.34 0.66 0 0 0
0 0 0.08 75.41 24.01 0.50 0 0
0 0 46.70 53.30 0 0 0 0

38.70 26.49 9.65 1.98 0.17 0 0 0
21.86 31.52 21.53 12.05 4.29 1.07 0.25 0
38.78 22.94 5.53 0.41 0 0 0 0
26.16 30.45 22.77 7.92 1.73 0.17 0 0
39.88 17.85 5.17 0.83 0.11 0 0 0
23.21 29.98 24.48 11.22 2.92 0.47 0.11 0
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TABLE 7 Cutoff and average radius, mean coordination, and coordination distribution of EGA15B5 at 300 K

EGA15B5  Cutoff R (A) AvgR(A)  Avg Coord 0
Si-O 1.9 1.62 4.00 0
Al-O 23 1.76 4.11 0
B-O 1.9 1.42 3.47 0
Al-Ca 4.6 3.55 1.20 24.37
Al-Na 4.7 3.63 2.24 7.15
B-Ca 432 3.40 1.07 29.04
B-Na 45 3.52 1.83 12.21
Si-Ca 4.6 3.69 0.99 33.70
Si-Na 4.7 372 2.15 6.99

TABLE 8 Cutoff and average radius, mean coordination, and coordination distribution of EGCal0 at 300 K

EGCal0  Cutoff R (A) AvgR (A)  Avg Coord 0
Si-O 1.9 1.62 4.00 0
Al-O 23 1.77 423 0
B-O 1.9 1.39 3.23 0
Al-Ca 4.56 3.53 1.27 20.79
Al-Na — — — —
B-Ca 432 3.45 0.92 35.81
B—Na — — — —
Si-Ca 4.62 3.70 0.96 33.26
Si-Na — — — —

TABLE 9 Cutoff and average radius, mean coordination, and coordination distribution of EGCa20 at 300 K

EGCay; Cutoff R (A) AvgR (A)  Avg Coord 0
Si-0 1.9 1.62 4.00 0
Al-O 23 1.76 425 0
B-O 1.9 1.42 3.46 0
Al-Ca 4.58 353 2.44 2.56
Al-Na — — — —
B-Ca 43 3.42 1.98 7.44
B—Na — — — —
Si-Ca 4.62 3.66 1.85 9.68
Si—Na — — — —

concentration of calcia and soda (10% each). This result
agrees with observations made by Doweidar et al.*’ on
Na,0-Al,03-B,0; glasses. Na preferentially charge com-
pensates the Al prior to charge compensating B, so
increased Al,O; at constant modifier content provides a
mechanism for lowering the BO, content. At an equal con-
centration of calcia and soda, Wu and Stebbins similarly
showed that increasing the Al,O3/B,O5 content (by lower-
ing the B,O5 content) in alumino-borosilicates lowered the
BO, content.'*

1 2 B 4 5 6 7 8

0 0 0 99.64 0.36 0 0 0

0 0 0.07 89.39 10.01 0.53 0 0

0 0 52.97 47.03 0 0 0 0
41.91 24.70 7.37 1.54 0.11 0 0 0
2222 29.70 25.19 12.10 3.19 0.39 0 0
44.06 19.47 6.11 1.16 0.17 0 0 0
28.05 32.67 20.13 5.45 1.32 0.17 0 0
39.91 21.41 3.88 1.04 0.05 0 0 0
23.60 32.76 23.40 10.59 2.34 0.33 0 0

1 2 3 4 5 6 7 8

0 0 0 99.95 0.05 0 0 0

0 0 0.58 76.24 22.44 0.74 0 0

0 0 76.57 23.43 0 0 0 0
42.66 26.65 8.75 1.07 0.08 0 0 0
41.42 17.99 4.37 0.41 0 0 0 0
42.90 18.88 4.48 0.42 0.05 0 0 0
1 2 3 4 5 6 7 8

0 0 0 99.71 0.29 0 0 0
0 0 0 74.88 24.88 0.24 0 0
0 0 54.00  46.00 0 0 0 0
16.32 34.08 31.28 13.20 224 0.24 0.08 0
27.60 34.88 21.76 6.56 1.60 0.16 0 0
30.75 32.85 19.28 6.19 1.09 0.16 0 0

Figure 3B shows that an increase in the Na,O concen-
tration increases the concentration of BO,4, whereas Ca has
a lesser effect. The EGNa20, with 20% Na,O and no CaO,
has a BO3/BOy, ratio of ~0.61, whereas the EGCa20 and
no Na,O glass has a BO3/BO, ratio of ~1.17. This is con-
sistent with the idea that Na has a greater effect on the for-
mation of BO, than does Ca. As the ratio of CaO/Na,O
increases, the ratio of BO3/BO, increases, which is consis-
tent with experimental results by Wu and Stebbins.'*'?
Figure 3B shows that there is no prominent BO, peak in
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TABLE 10 Cutoff and average radius, mean coordination, and coordination distribution of EGNal0 at 300 K

EGNa,
Si-O
Al-O
B-O
Al-Ca
Al-Na
B-Ca
B-Na
Si-Ca
Si-Na

Cutoff R (A)
1.9
23
1.9

4.68

4.54

4.68

Avg R (A)
1.62
1.77
1.40

3.63

3.55

Avg Coord

4.00
4.27
3.27

2.39

1.88

2.10

0

4.76

9.86

7.33

TABLE 11 Cutoff and average radius, mean coordination, and coordination distribution of EGNa20 at 300 K

EGNayy Cutoff R (A) AvgR (A) Avg Coord 0
Si-O 1.9 1.62 4.01 0
Al-O 23 1.76 425

B-O 1.9 1.44 3.62 0
Al-Ca — — — —
Al-Na 4.68 3.59 4.64 0
B-—Ca — — — —
B-Na 4.54 3.50 4.07 0.43
Si-Ca — — — —
Si-Na 4.68 3.68 420 0.31

the B—O PDF for the compositions EGCal0 and EGNalO.
Moreover, the ratios of BO3/BO, for these compositions
are ~3.27 and ~2.71, respectively. The two BOs/BO, ratios
are much higher than the ratio of BO3/BO, for the compo-
sitions EGCa20, EGNa20, EGA5B15, EGA10B10, and
EGA15B5, where the ratio does not exceed 1.2. The BO5/
BO, ratio of EGA10B10 is ~0.88. Taking into account the
large difference in BO3/BO, ratios between EGNa20 and
EGCa20, as well as between EGNalO and EGCalO0, again

FIGURE 2 The AI-O bond distances at 300 K of samples
EGAS5B15, EGA10B10, EGA15BS, EGCa20, EGCal0, EGNa20,
EGNalO [Color figure can be viewed at wileyonlinelibrary.com]

1 2 B 4 5 6 7 8

0 0 0 99.78 0.22 0 0 0

0 0 0 73.64 25.43 0.94 0 0

0 0 73.04 26.96 0 0 0 0
17.94 30.19 31.04 12.59 3.32 0.17 0 0
30.36 31.29 20.66 6.29 1.36 0.17 0 0
24.02 34.19 22.88 9.52 1.94 0.10 0.02 0
1 2 3 4 5 6 7 8
0 0 0 98.81 1.19 0 0 0

0 0 75.85  23.64 0.51

0 37.93  62.07 0 0 0 0
0.43 4.00 1454 2679 2798 19.56 6.04 0.68
1.96 833 20.66 3095 2585 9.95 1.45 0.43
1.64 884 1933  27.81 2528 12.84 332 0.62

FIGURE 3 The B-O bond distances at 300 K of samples (A)
EGA5BI15, EGA10B10, EGA15BS5, and (B) EGA10B10, EGCa20,
EGCal0, EGCal0, EGNa20, EGNalO [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 4 The (A) Al-Ca bond distances, (B) B-Ca bond
distances, and (C) Si—Ca bond distances at 300 K of samples
EGAS5B15, EGA10B10, EGA15B5, EGCa20, EGCal0 [Color figure
can be viewed at wileyonlinelibrary.com]

Ca®* is less effective in forming BO, over BO; than Na™,
again consistent with the Wu and Stebbins results.'*

Table 4 shows that the Ca—O interatomic distances are
noticeably less than that of Na—O, as expected. The inter-
atomic distances between the network formers to the modi-
fiers, Al/B—Ca and Al/B—Na, are about the same, whereas
the Si—Ca and Si—Na have longer average interaction dis-
tances. Experimental data by Lee and Stebbins showed that
the Na distance from the bridging oxygen in the Si—O-Si
is longer than the bridges containing Al*" which would
imply longer Si—Na distance than Al-Na.

Figures 4 and 5 show the PDFs for Al/B/Si—Ca/Na peak
radii (first peak maximum in the PDF) for each composi-
tion. The Al-Ca peaks range between 3.21-3.29 A, which
is smaller than the 3.37 A previously calculated using
smaller system sizes.'*!° Moreover, our Al-Ca and Si-Ca
PDFs, found in Figure 4, show the existence of only one
prominent peak for Si—Ca and Al-Ca bonds rather than
two distinct peaks. Simulations by Benoit et al. and

FIGURE 5 The (A) Al-Na bond distances, (B) B-Na bond
distances, and (C) Si—Na bond distances at 300 K of samples
EGAS5SB15, EGA10B10, EGA15B5, EGNa20, EGNalO [Color figure
can be viewed at wileyonlinelibrary.com]

Ganster et al. predicted that there should be two close
peaks in the Al-Ca and Si—Ca PDFs. This difference, how-
ever, is due to a larger system of atoms used in the current
simulations, allowing for more local configurations. Our
Si—Ca peaks range between 3.39-3.47 A and agrees well
with the range 3.40-3.50 A found in the EXAFS data of
calcium aluminosilicates.>® The bond length ranges and the
corresponding references can be found in Table 4.

Tables 5-11 also show the mean coordination and the
distribution of the coordination of Al/B/Si—O/Ca/Na bonds,
as well as the average radius of each bond. Tables 5-11
show the mean coordination of the following compositions:
EGA5B15, EGA10B10, EGA15BS5, EGNal0O, EGNa20,
EGCal0, and EGCa20, respectively. For the compositions
containing Ca2+, the mean coordination of Al-Ca is greater
than that of B—Ca, which is greater than that of Si—Ca; this
indicates that Ca®" prefers to aggregate first around AI*™,
then B**, then Si*". Similarly, from these compositions
containing Na*, the mean coordination of Al-Na is greater
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FIGURE 6 Interaction distances between Na ions (orange) and
Al (red) or B (cyan). Si (blue), O (gray), Ca (lime). Most Na-(Al,B)
distances are less than 4 A, showing multiple Na neighbors to a
single Al, but also multiple +3 cations to a single Na [Color figure
can be viewed at wileyonlinelibrary.com]

than that of Si—Na, which is greater than that of B—Na; this
indicates that Na* prefers to aggregate first around AI’*,
then Si*", then B>*, consistent with experimental results.*?

For all compositions, the mean coordination of the net-
work formers to Na (Al/B/Si—Na) is about twice that of the
formers to Ca (Al/B/Si—Ca), as shown in Tables 5-11. The
data given in the tables are dependent on the cut-off dis-
tance, which is chosen as the first minimum in the relevant
PDFs. It is common to describe the interaction between a
modifier and the +3 cations such as Al or B in the +4 Si
site as being one Na per +3 cation and one Ca for 2 nearby
+3 cations. Therefore, it would appear inconsistent that
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there are, on average, 2 Na near Al and B (and Si) and 1
Ca per Al or B. However, the simplistic consideration of
charge compensation usually assumed is correct with
regard to the ratio of mole fractions of +1 or +2 modifiers
to +3 cations, but not with respect to physical location of
the modifiers. Figure 6 provides a snapshot of the local
configuration of Na near Al and B atoms in the
EGA10B10 glass. As the figure shows, one Al ion can
have multiple Na within 4 A but also the Na can be within
4 A of several +3 cations. This is possible with the rela-
tively high concentrations of Al and B that show some
degree of clustering in this glass caused by the presence of
the higher cation field strength Ca ions that reduces the so-
called Al or B avoidance.'"** Multiple interaction distances
with the Na or Ca ions are observed for the Na—O and Ca—
O interactions also. As previously discussed in simulations
and EXAFS results regarding binary sodium silicates, a Na
ion may draw close to an NBO while it is also interacting
with the BO nearby.>*** In the multicomponent glasses
studied in this article, the Na or Ca near the +3 cations
interact with multiple BO, as shown in Figure 7. Such
results in Figures 6 and 7 indicate a structural complexity
that would be relevant in the structural models describing
the mixed alkali effect, where modifier-former interactions
create local structures relevant to the modifier that are
influenced by the location of the network formers.

From the samples EGASB15, EGA10B10, and
EGA15B15, it can be shown that the mean coordination
for Al-Ca is about half of that for Al-Na; similarly the
mean coordination of B—Ca is about half that of B—Na.
The mean coordination of Si—Ca is less than that of Si—Na.
In addition to the mean coordinations, Tables 5-11 indicate
that the concentration of Al with no (0) Ca neighbors is
much higher than the Al with no Na neighbors, indicating
the stronger preference for Al to interact with Na over Ca.

FIGURE 7 (A) Na-O interaction distances and (B) Ca-O interaction distances at an instant in the simulations. Color scheme as in Figure 6.

The Na-Ca spacing fluctuates near 3.2 A. Not all former-oxygen bonds are included in the figure since atoms have been removed for clarity of

the image [Color figure can be viewed at wileyonlinelibrary.com]
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Si and B behave similarly, although increasing the concen-
tration of Al,Os5 affects behavior with B. The mean coordi-
nation of B—Na relative to that of B—Ca decreases as the
Al,03/B,05 ratio increases; the ratio of the mean coordina-
tion of B-Na to that of B-Ca is ~2.01 for EGA5BI15,
~1.91 for EGA10B10, and ~1.71 for EGA15BS5. This is
consistent with the preferential distribution of Na with Al
prior to Si prior to B, referenced above.

The correlations between the decreasing preference for
B** to interact with Na’* with increasing AlL,O; and
between the direct relationship that increasing the Al,Os/
B,05 ratio causes the increase in the BO3/BO, ratio indi-
cates that the network former around which a modifier
aggregates affects the BO3/BO, ratio. These results suggest
that the loss of Na near B with increasing Al,O3 enables a
stronger role for Ca and its higher cation field strength to
affect the BO;/BO, ratio. This is consistent with experi-
mental results of soda-lime-alumino-borosilicate glass com-
positions.'>!'” This suggests that where the Ca*" modifiers
accumulate strongly affects the ratio of BO3/BO, and that
the ratio of Al,O3/B,0; indirectly influences where Ca’*
atoms aggregate.

4 | CONCLUSION

The structure of alumino-borosilicate glasses was studied
using samples of varying compositions containing
~20 000 atoms each. PDFs of cations to oxygen, Si/Al/B/
Ca/Na-O, were used for comparison to available experi-
mental data to evaluate consistency between simulations
and experiment. Additional PDFs and coordination of the
network forming cations (Al/B/Si) to network modifiers
(Ca/Na) were examined, the latter of which is difficult to
measure experimentally. As discussed throughout the text,
the results are consistent with available experimental data
regarding bond lengths and network former to oxygen coor-
dination numbers. Si is predominantly 4-coordinated, with a
small concentration of 5-coordinated Si. Al is also predomi-
nantly 4-coordinated, with some 5-coordinated Al and a
very minor amount of 6 coordinated Al. The most variable
structure occurred with B coordination, which is affected by
the Na preference for Al prior to the other network formers
that lowers Na aggregation near B which affects B coordi-
nation. B varied as 3-coordinated, BO3, and 4-coordinated,
BO,, units as a function of the amount of Ca®* and Na*
present, the ratio of Al;O3 to B,O3, and the fictive tempera-
ture of the sample, similar to experimental data.

Given the similarity of the simulations to the experimen-
tal data described above, the simulations provide new infor-
mation regarding the locations on the network modifiers to
the +3 cations, Al and B. Unlike the simple idea based on
stoichiometry of associating one +1 network modifier with

one +3 network former, the simulations indicate that the
modifiers associate with multiple +3 cations and vice versa.
For instance, one Al ion can have multiple Na within 4 A,
but also the Na can be within 4 A of several +3 cations.
Stoichiometry is maintained, but structure is more complex
and would manifest itself in the various structural models of
the mixed alkali effect where modifier-former interactions
create local structures relevant to the modifier that are influ-
enced by the location of the network formers.
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