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Abstract Molecular dynamics (MD) simulations were
conducted to investigate the structural and chemical envi-
ronment of aluminum in aluminophosphate glasses. Such
glasses have the potential for application in the disposal of
radioactive fluoride waste from molten salt reactors (MSR).
Due to the risks of studying these materials and the limi-
tations of realistic research conditions, MD simulations
were used as an alternative method to study the vitrification
of radioactive fluoride waste. In the past decades, alu-
minophosphate glasses have been studied and they exhibit
certain favorable properties for high-level radioactive
waste management. This work focuses on the effects of
fluorine addition on structural changes in the glass. We
observed that glass with composition P,Os—Al,03—-Na,O—
CaO exhibited a good performance in immobilizing fluo-
ride at low F concentrations (approximately under
25 mol%). Significant changes were observed where
PO3F, units replaced POsF units in the glass. The four-
coordinated AlO, units were increasingly converted into
five-coordinated [AIOF,] with the increasing F content.
The radionuclide Sr in the simulation had the tendency to
form six-coordinated octahedrons in the glass. We con-
clude that the structural changes resulting from the fluoride
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waste added to aluminophosphate glasses does not
adversely affect their chemical stability at relatively low F
concentrations, i.e., under 25 mol%. Hence, the use of
phosphate glasses is a potential alternative method of flu-
oride waste disposal.
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1 Introduction

The molten salt reactor (MSR) is one of the six suit-
able choices of reactors for Generation IV advanced
nuclear energy systems [1]. These are liquid-fuel reactors
using molten fluoride salts as both fuel and coolant
simultaneously [1-4]. Hence, large quantities of radioac-
tive fluoride waste are generated after the fuel cycle, which
includes fluoride volatility reprocessing and vacuum dis-
tillation. This waste contains fission products (FPs) and
residual fluoride salt carriers. The majority of radioactive
fluoride waste types are solid-state granules or powder,
which are highly corrosive and easily soluble in water
[5, 6]. Therefore, it is necessary to prevent fluoride waste
from being released into the environment, especially
because their dissolution into water systems can cause
great environmental damage. According to domestic and
international research [7-12], an alternative approach to
stabilize fluoride salts is glass immobilization using
borosilicate or phosphate glass. This method can reduce the
migration and dispersion of contaminants, radionuclides,
and fluorine-inclusive waste. Although borosilicate glass
has been developed for high-level waste (HLW) embed-
ding and has been widely applied [13], it cannot embed a
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large amount of fluoride owing to its low fluoride
solubility.

Phosphate-based glasses [14] are generally used as
biomaterials [15], substrates to immobilize waste (includ-
ing radioactive and non-radioactive industrial waste) [16],
and other important applications [17, 18] owing to their
relatively large thermal expansion coefficient, low optical
dispersion, high refractive indices, and low glass transition
temperature (7).

Mesko et al. [10] demonstrated that iron phosphate (IP)
glasses can immobilize 31 mol% SrF,. Sodium alu-
minophosphate (NaAIP) glasses have been developed at the
Institute of Physical Chemistry at the Russian Academy of
Sciences [12]. Yaping et al. [19, 20] showed that the NaAIP
glass matrix can contain up to 20 mol% of simulated
radioactive fluoride waste, and its chemical durability is
better than that of borosilicate. Tiwari B et al. [21] found
that Al,Os3, as a network intermediate added to the glass
network, increases the proportion of AIPO, groups and,
hence, improves the relatively poor chemical durability of
phosphate glasses [22, 23]. In aluminophosphate glass
matrices, the solubility limit of cerium oxide is 16 times
higher than that of silicate glasses, while retaining the same
ability for radiation damage resistance [24, 25]. Mean-
while, aluminum ingredients were found to be important in
the radiation resistance properties of aluminophosphate
glasses [26, 27]. Incorporation of CaO in phosphate glasses
can result in reactions with fluorine. This results in the
dispersion of fluorapatite in the glass, which increases its
stability [28].

Diffraction studies [29-31] have demonstrated that
aluminum atoms are crucially important in phosphate
glasses, when four-fold coordinated Al is network former.
Nevertheless, six-fold coordinated Al ions are also impor-
tant and induce significant changes in properties. Two
different types, tetrahedrally- and octahedrally coordinated
aluminum, have been observed in the local structures of
aluminophosphate glasses by nuclear magnetic resonance
(NMR) or Raman spectroscopy [26, 32]. Certain '°F
magic-angle spinning (MAS) NMR studies of aluminosil-
icate glasses [33] have shown that AI-F bonds exist in
F-containing glasses, while Si-F bonds exist in very high
F-content glasses. This indicates that Al-F bonds are pre-
ferred to Si—F bonds when both Al and Si are present in
high F-content glasses. Similarly, fluorinated silicate glas-
ses show a very small amount of F-Si bonds in molecular
dynamics (MD) simulations [34, 35]; therefore, they are
separated into phosphosilicate-rich and Na/Ca/F-rich
regions at medium-length scales [36].

The waste from MSRs has very complex compositions
and the glass solidification of MSR waste is still in pre-
liminary stages of research. This study begins with simple
waste components in waste vitrification and uses an MD
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simulation method to understand the immobilization of
fluoride waste. As part of the fission fragment elements, Sr
is usually chosen to act as a simulated radioactive fission
product. Variable amounts of SrF, are added to the glass to
investigate its structural changes. This also enables useful
information to be gained from a certain relatively simple
experiment.

In this work, we concentrate on the effects of amalga-
mative fluorine on the structure of phosphate-based glasses.
The MD simulation approach is ideal and has been widely
used to investigate the structural and dynamical properties
of several different types of glasses [37—40]. It provides an
alternative method for investigating the properties of
molten glass [41], thus, enabling the comprehension of the
specific contributions of selected structural units on mate-
rial properties at the atomistic level. We use two phosphate
glass compositions with different fluorine contents. The
interatomic forces are calculated by a classical MD simu-
lation, providing vital information on atomic structure and
properties.

2 Simulation Method

Three independent initial quasi-random configurations
were generated. All of these were chosen to have the same
ratio of numbers of P atoms to Al atoms (n(Al,O3)/n(P,.
Os5) = 0.5). One configuration, with 15 mol% SrF, (here-
after called F15), was obtained by placing 459 atoms
(comprising 34P,05-23Na,0-11Ca0-17A1,05-15SrF, for-
mula units) randomly into a cubic box of side length of
18.3894 A, corresponding to the experimental density of
2.80 g cm . The second configuration had 25 mol% SrF,
(hereafter called F25) in a cubic cell with 18.1088-A sides,
containing 440 atoms (with the composition 30P,0Os-
20Na,0-10Ca0-15A1,05-25SrF,) at a density of
3.00 g cm . The third model had no SrF, (hereafter called
FO) in a cubic cell with 18.748-A sides containing 487
atoms (with a composition of 40 P,Os, 27 Na,0O, 13 CaO,
20 Al,O3) at a density of 2.55 g cm ™.

The exact compositions are given in Table 1. The size of
the box was chosen to give the appropriate density and was
kept constant throughout the simulation.

The force field used in this work is based on the
Buckingham potential, given by

Ei‘(’”ij) =Aj eXP(—”ij/Pij) - C,y/r?,- + qiq;/ 7y, (1)

where Ej; is the potential between atoms i and j,
Ajj, pjj, and C;; are the parameters of the i~ interaction,
while r; is the distance between atoms i and j. Cubic
periodic boundary conditions are used with a cutoff of 6 A,
with the Buckingham terms evaluated in real space.
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Table 1 Simulated compositions (in SrF, mol%) and their densities and sizes

Composition P,0s5 Na,O CaO Al,O3 SrF, Density (g cm™3) Number of atoms Cell size (A)
FO 40 27 13 20 2.55 487 18.7480
F15 34 23 11 17 2.80 459 18.3894
F25 30 20 10 15 25 3.00 440 18.1088

In addition, three-body forces, including a harmonic
potential, are applied to the potential parameters for O—P—
O and P-O-P bond bending interactions [37] in the form of

Eyi(0) = 1/2kyi (0 — 0y:), (2)

where j is the type of element of the central atom,k;; is the
three-body force constant and 0; is the reference bond
angle. Potential parameters of the aluminophosphate glas-
ses are listed in Table 2.

Each random model was started as an MD run in an
NVT (constant number of particles, volume, and temper-
ature) ensemble at 3000 K for a certain time (typi-
cally ~ 100 ps), beyond which the glass were melt, until
the model was well equilibrated. The simulations were
performed with a 1 fs time step. Then, each model was run
at temperatures 2000, 1000, 500, and 300 K for 50 ps,
which corresponds to a cooling rate of 50 K/ps. Although
this simulated cooling rate is significantly faster than that
used to prepare the experimental glasses, this order of
magnitude of cooling rate is in agreement with first

Table 2 Potential parameters of flourophosphate glasses [45-53]

principles [35, 36, 42-44] and classical [38, 41] MD
simulations.

3 Results and discussion

3.1 Partial radial distribution function
and coordination numbers

The partial radial distribution function (RDF) is com-
monly used to investigate the characteristics of the short-
range order. The RDF describes the variation of the prob-
ability density as a function of distance from a specified
particle. The formula for the RDF is as follows:

v nij(r — Ar/2,r + Ar/2)
NN, ; 4nr2Ar ’

8ii(r) 3)
where V is the volume of the simulation cell, while N; and
Nj are the total numbers of ions i and j, respectively. The
term n;(r — Ar/2,r 4+ Ar/2) is the average number of ion
Jj surrounding ion i within the distance of r &= #/2. The RDF

Pair Aji(ev) p;i(A) C; <ev A6> References Pair Aji(ev) p;i(A) C: <ev A6> References
Buckingham potential
Na-O 1226.800 0.3065 0 [46] Ca-F 1272.800 0.3000 0 [45]
Ca-O 8668.750 0.2500 0 [45] Ca-P 1462.500 0.3000 0 [45]
P-O 887.340 0.3700 0 [53] Ca-Al 1406.250 0.3000 0 [45]
Al-O 3293.750 0.2500 0 [45] Al-F 43851.020 0.1610 0 [51]
Sr-0 2026.613 0.3100 0 [52] Al-Al 10689.029 0.1420 0 [51]
0-0 454.343 0.3600 0 [45] Al-P 1018.750 0.3000 0 [45]
F-O0 662.500 0.3200 0 [45] Sr-Sr 16574.664 0.2600 0 [49]
Na-Na 5000.000 0.2900 0 [47] Sr-F 715.410 0.3400 0 [50]
Na-F 706.250 0.2900 0 [47] F-F 135253.000 0.1800 0 [51]
Na-P 649.246 0.2900 0 [48] F-P 452.500 0.3640 0 [45]
Ca—Ca 2412.500 0.3000 0 [45] P-P 831.250 0.3000 0 [45]
Three-body potential

kiji (eV rad™?) 0;i
O-P-O 3.3588 109.470000
P-O-P 7.6346 141.179333
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describes the structural ordering of the slag in different
ranges and also provides fundamental structural informa-
tion including average bond lengths. The RDFs are shown
in Fig. 1, while Table 3 shows the average interatomic
distances of atoms (which is our main focus and discussed
later). In these glasses, the bond lengths for P-O and AI-O
were centered at 1.55 and 1.75 A, respectively, and were
similar to those of the other aluminophosphate glasses
measured experimentally [31, 54]. The average Al-F and
P-F bond distances were 1.55 and 1.81 A respectively,

a

18 ——F25
16 ——F15
141 ——F0

9p.0(N)

o — Efg
14
——F0

Inolr)

—F25
4 —F15

gSr—O(r)

r(A)

which is close to that of the other MD simulations
[35, 36, 47], where the Al-F and P-F bond lengths were
found to be approximately 1.59 and 1.83 A.

The coordination number can be defined using the g(r)
of the RDF and it can be calculated by integrating the
corresponding g(r) curve to the first valley, using the fol-
lowing formula:

—F25
—F15

9p.(N)

—F25
164
° - F15

gAI-F(r)

—F25
n ——F15

gSr—F(r)

r(A)

Fig. 1 (Color figure online) RDFs of cation—anion: P-O (a), P-F (b), AI-O (c), Al-F (d), Sr—O (e), and Sr—F (f) pairs. In the figures,
configurations FO, F15, and F25 correspond to the blue, red, and black lines, respectively
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Table 3 Average interatomic

distances of the studied Sample no. Pair
aluminophosphate glasses P-O Al-O Sr-O P-F Al-F Sr-F Sr-P Sr-Al
F15 1.55 1.75 2.33 1.55 1.81 2.27 3.59 3.43
F25 1.55 1.75 2.27 1.55 1.83 2.29 3.57 3.29
AN r F15 and 3.76 for F25. By examining gp_g(r) (Fig. 1b) and
nN; ..
Nij(r) = —J/gij(r)rzdr. (4) the P-F coordination numbers, 0.17 for F15 and 0.28 for
4 o F25, we know that there is an amount of P-F bonding, and

The studied average coordination numbers are listed in
Table 4 and others are analyzed in detail in the following
sections. Considering both the oxygen and fluorine coor-
dination, the coordination number of phosphorus was close
to 4 and the coordination number of aluminum was more
than 4, due to penta-coordinate and hexa-coordinate Al.
The coordination numbers of calcium and sodium (calcu-
lated as the sum of the F and O contributions) were close to
6 and 7, respectively. The focused average coordination
numbers of strontium were in the range of 5.43-6.10.
Obviously, the mean oxygen coordination numbers of
metal cations decrease with the addition of fluoride anions,
where F competes with O, resulting in an increase in the
coordination number of F.

3.2 Local environments of phosphorus

For both compositions containing F, the first peak in the
phosphorus—oxygen partial radial distribution function
(g(r); Fig. 1a) shows that the P-O distance is 1.55 A.Inan
F-free glass (F0), the distance is 1.57 A, which is in
agreement with the observed nearest-neighbor distances
reported in other papers [41, 55]. Usually, in an F-free glass
the P—O coordination number is exactly four, reflecting the
tetrahedral structures around the P atoms. In this study, the
P-O coordination number was slightly over four, at 4.004.
We found lower oxygen coordination numbers: 3.83 for

that fluorine atoms replace one of the oxygen atoms in the
PO, units, retaining the tetrahedral structure around the
phosphorus atoms at low F concentrations. In general, the
phosphorus atoms are essentially four-coordinated, which
both oxygen and fluorine are considered at the same time
[35]. When P-F bonding occurs, one of the fluorine atoms
takes the place of one of the oxygen atoms in the PO, unit,
generating a POsF tetrahedron. However, at high F con-
centration (F25), the P-X (O, F) coordination number
exceeds four (4.04), indicating that five-coordinate PO5F,
indeed exists in the structural units breaking the structure
of PO, units. Generally, the aluminophosphate network
combines with the corner sharing of the PO, and AlO,
tetrahedral units. The network connectivity (NC) can be
used to show the mean number of bridging oxygen atoms
in POy, tetrahedral units. The presence of POsF, breaks the
glass structure by reducing the NC such that the glass
system becomes unstable. Segmental examples of these
structural units are illustrated in Fig. 3.

At both F-concentrations, no bridging F atoms (atoms in
a P-F-P bridge) were observed, due to the single negative
charge of F ions. It is difficult to charge-balance two
phosphorus atoms, due to the double negative charge of the
oxygen atom [36]. Meanwhile, rare-bridging F atoms
appear as P-F—Al in F15 and F25 (Fig. 2h). To investigate
the tetrahedral nature of the phosphate units, the O-P-O
and P-O-P bond-angle distributions were calculated

Table 4 Average coordination

numbers of the studied Sample no. Pair

aluminophosphate glasses P-O Al-O Ca-O Na-O Sr-O P-F Al-F Sr-F Na-F
FO 4.00 4.01 5.70 6.40 0 0 0 0 0
F15 3.83 3.91 5.20 6.00 5.10 0.17 0.50 0.33 0.68
F25 3.76 3.69 4.90 5.50 4.90 0.28 0.99 1.20 1.47
Sample no. Pair

Ca-F P-Na P-Ca P-Sr Al-Na Al-Ca Al-Sr F-F

FO 0 3.96 0.85 0 3.26 0.61 0 0
F15 0.56 3.29 0.75 0.98 3.01 0.50 0.70 0.44
F25 1.04 2.97 0.75 1.86 2.72 0.43 1.04 1.12
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Fig. 2 (Color figure online)
Bond-angle distributions for FO
(blue), F15 (red), and F25
(black) for O-P-O (a), O-Al-O
(b), P-O-P (c¢), P-O-Al (d),
Al-O-Al (e), O-P-F (f), O-Al-
F (g), P-F-Al (h), F-P-F (i) and
Al-F-Al (j)
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(Fig. 2a and c), showing an O-P-O distribution peak
(110°) close to the ideal PO4 tetrahedral angle (109.5°) and
a P—O-P distribution peak (near 149°) exceeding the ideal
tetrahedral angle (141.2°) for both compositions. The O—P-
F bond-angle distributions (Fig. 2f) peaked at slightly
lower angles (105°), as the substitution of F atoms by O
atoms alters PO5F to be slightly different from PO, in the
glass structure. However, in F25, there was another dis-
tribution peak (174°), showing that an F atom was almost
in line with an O atom.

This case is also shown in Fig. 2i, where F—P-F bond-
angle appears, indicating that there was a PO3F, unit in the
simulated glass. As the presence of PO3F, is not supported
by empirical evidence, further studies need to be carried
out to examine this result.

3.3 Local environments of aluminum

In FO, the AI-O coordination number was 4.008,
implying that the majority of the aluminum atoms were in a
tetrahedral coordination. In the other compositions, the
coordination numbers were 3.91 (for F15) and 3.69 (for
F25). Nevertheless, the Al-F coordination numbers were
0.50 for F15 and 0.99 for F25. The Al-X (O, F) coordi-
nation number exceeded four in both compositions: 4.41
for F15 and 4.68 for F25.

Similarly to silicon in glass, phosphorus and aluminum
are both network formers and have tetrahedral coordination
with oxygen [55] in F-free glass. In other studies, alu-
minum atoms were found to be primarily in tetrahedral
coordination state in aluminophosphate glasses with
increasing alumina contents, whereas octahedrally coordi-
nated aluminum atoms play a major role with a small
quantity of Al,O3 contents [56-59]. However, Al-F
bonding is slightly different from the P-F bonding, because
F atoms not only replace one oxygen atom in an AlOy4 unit,
but replace other oxygen atoms as well to create five-co-
ordinate [AlO,F,], leading to more F atoms being included
in AlO,. Similarly, Stamboulis et al. [33] studied the "°F
MAS NMR of calcium fluoro-alumino-silicate glasses and
found that as glass it forms [AleFy]”_, where x = 3-6,
y =6 — x, and n is the charge of the total complex in
AI(IV), Al(V), and AI(VI) coordinate states. We believe
that some of the F atoms replace oxygen atoms to form
AlOsF, while others intrude AlO, units and transform them
to AlIO4F in low F concentrations. For the F25 composition,
increasing numbers of F atoms bonded to aluminum atoms,
creating more non-tetrahedrons such as AlO;F,, AlO;F;,
and others. These need to be examined in further F-NMR
experiments. Segmental examples of these structural units
are illustrated in Fig. 3. A large number of P-O-P bonds
are replaced by P-O-Al bonds [60] which play a signifi-
cant role in increasing the network connectivity and

nuclide containment for phosphate-based glasses, enabling
their modification for specific applications.

To investigate the tetrahedral nature of the phosphate
units, the O-Al-O bond-angle distributions were calculated
(Fig. 2b). These showed distribution peaks of 108° for F25
and 105° for F15, which are close to the ideal tetrahedral
angle (109.5°). As can be seen in Fig. 2d and e, the P-O-
Al and Al-O-Al bond-angle distributions were scattered.
The O-Al-F bond-angle distributions are shown in Fig. 4b,
with a first peak (approximately 85°) that is slightly low.
We believe that it is possible that the replacement of F
atoms and the simulation process do not use three-body
potential for O-Al-O. Considering the Al(V) and AI(VI)
coordinate states, the angle distribution curve continues up
to 180°. Figure 2i and j provides consequential information
about the Al-F interaction. At low F concentration (F15),
there were no bridging F atoms observed (atoms in an Al-
F-Al bridge), and it was the same for the F-Al-F bond-
angle distributions. This is different from the F25 compo-
sition, where bridging F atoms (atoms in an Al-F-Al
bridge) were observed, albeit in small numbers, while the
F-Al-F bond-angle distributions showed that at least two F
atoms bonded to an Al atom.

3.4 Fluorine bonding and coordination numbers

In the F15 composition, the F-P coordination number
was 0.39, ie., 2 out of 5 fluorine atoms bonded to a
phosphorus atom. In the F25 composition, 17 of the 50
fluorine atoms were bonded, with an F-P coordination
number of 0.34. This is in contrast with Christie et al. [35],
who calculated much lower F-concentrations. In their
study, three of the four fluorine atoms were bonded to a
phosphorus atom for F2, and three of the six fluorine atoms
were bonded for F6, indicating that the major F atoms
impose a constraint in PO;F.

As with F-P, the F-Al coordination number was 0.57 in
the F15 composition, where 17 of the 30 fluorine atoms
were bonded to aluminum. In the F25 composition, 30 of
the 50 fluorine atoms were bonded, with an F-P coordi-
nation number of 0.59. The fluorine-modifier bonding in
both compositions indeed has different characteristics. For
the F15 composition, the F-Na bond length is about 2.15
A, which is slightly shorter than the 2.19 A of the F25
composition. The F-Na coordination number is 1.04 for
F15 and 1.18 for F25. The peaks in the corresponding
partial pair distribution functions, gs.r(r) (Fig. 1f) are
broader than the typical F-P/Al peak, indicating substantial
disorder in the local environments [35]. Similarly, the F-
Ca bond length was about 2.21 A in the F15 composition,
which is longer than the 2.15 A of the F25 composition.
The F—Ca coordination numbers were 0.21 for F15 and
0.34 for F25.
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(b) POsFinF15 (¢) POsF,inF25
Structural changes of tetrahedral PO, from F15 to F25

(e) AIOsFinF15

(g) AIOFinFl15 (h) AIO,FinF25
Structural changes of tetrahedral AlO4 from F15 to F25

Fig. 3 (Color figure online) Examples of structural changes, from ¢ PO5F; in F25. Structural changes of tetrahedral AlO,4 from F15 to
tetrahedral to hexahedral. The surrounding atoms have been shrunk F25, d AlO4, e AIO5F in F15, f AIO;F, in F25, g AIO4F in F15,
for clarity (P = magenta, O = red, F = silver, Al = green). Structural h AIO4F in F25

changes of tetrahedral PO, from F15 to F25, a PO,4, b PO3F in F15,

Na/Ca/Sr/F-rich region (a) aluminophosphate-rich region (b)

Fig. 4 (Color figure online) Aluminophosphate-rich and Na/Ca/Sr/F-rich regions in aluminophosphate glass (P = magenta, O = red, F = silver,
Al = green, Na = purple, Ca = dark blue, Sr = mid blue). Na/Ca/Sr/F-rich region (a). Aluminophosphate-rich region (b)
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Fig. 5 (Color figure online)
Bond angle distributions of O—
M-0, O-M-F and F-M-F for
F15 and F25. M = Na, Ca, and
Sr

As radionuclides in the simulation, Sr atoms are
immobilized in the glass, and their release into the envi-
ronment needs to be avoided. For the F15 composition, the
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F-Sr bond length was about 2.27 A, slightly shorter than
the 2.29 A of the F25 composition. The F-Sr coordination
number was 0.17 for F15 and 0.60 for F25. The number of
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F atoms surrounding Sr atoms increases with the increase
of the F-concentration.

The F-F coordination numbers (Table 4) were observed
to increase with the addition of SrF,, indicating that the
amount of fluorine atoms is increasing around fluorine
atoms. The results suggest a tendency of fluorine atoms to
concentrate with each other. The coordination numbers of
P-Na/Ca and Al-Na/Ca decrease with the addition of SrF,,
which shows that the modified ions tend to deviate from the
network former atoms. Doping with fluorine results in the
separation of the glass into aluminophosphate-rich and Na/
Ca/Sr/F-rich regions, as shown by Fig. 4.

3.5 Simulated atoms and modifier atom bonding

Table 4 shows the Na and Ca coordination numbers,
considering both oxygen and fluorine in the first coordi-
nation shell. The coordination numbers for Na are in the
range of 6.4-6.97, and in the range of 5.7-5.94 for Ca,
taking the coordination to both oxygen and fluorine into
account. This implies that six and seven are the most
common coordination numbers for sodium, and six is the
most common coordination number for calcium. The state
of strontium is similar to that of calcium, with coordination
numbers of 5.43 for F15 and 6.1 for F25. Strontium atoms
were observed to be concentrated on aluminophosphate-
rich regions by forming 0.06SrF,-0.98Sr; (PO,4),-AlPO, at
low F concentrations.

However, strontium atoms tend to enter into alu-
minophosphate-rich regions coordinating with more alu-
minate in the form of 0.8SrF,-1.06Sr3 (PO4),-1.9A1PO, at
high F concentration. This is because strontium competing
favorably with calcium/sodium to bond the AlO, with the
enhancement of strontium atoms. Further studies need to
consider the real radionuclide, instead of the non-ra-
dionuclide, to achieve a more realistic simulation.

Figure 5 shows the O-M-0O, O-M-F, and F-M-F bond
angle distributions, where M represents the modifiers of
sodium, calcium, and the simulated radionuclide strontium.
The O-M-0O, O-M-F, and F-M-F distributions follow a
similar shape with a very broad distribution of angles
(~ 60-100°). Nevertheless, as the F-M-F distributions
correspond to a very small single digit number of bond
angles, the F—~Ca-F and F-Sr-F distributions merge into a
single peak. These distributions indicate a wide range of
bonding environments [35], and that the structure of the
first coordination shell around the positive valence atoms is
octahedral. An anticipated six-coordinated octahedron is
expected to show bond angles at 90° and 180°, as the
coordination number of Ca is slightly less than six and the
coordination number of Na is close to seven, resulting in
the slight shrinking of these bond angles.

@ Springer

4 Conclusion

We used MD simulation to determine the structural
changes in aluminophosphate-based glasses with different
fluorine concentrations. We conclude that this study likely
provides useful information on the effect of fluorine doping
on glass stability. First, in low F concentrations, an oxygen
atom in a PO, tetrahedron is replaced by a non-bridging
fluorine atom, transforming PO, to POsF, resulting in a
reduction in glass network connectivity. The tetrahedral
environment of phosphorus atoms is maintained at low F
concentrations, and its structure does not remain solid at
high F concentrations (more than 25 mol%), because flu-
orine breaking the network connections. In contrast, AlO,
performs differently from PO, due to the presence of
[AIO.F,] with AI(IV), AI(V), and Al(VI) coordinate states,
which enables more fluorine to increase the occlusion
capacity of solidified fluoride waste. Furthermore, Al,O3
can be added to improve the chemical resistance of phos-
phate glasses (by replacing the P-O-P bonds with more
chemically durable P-O—-Al bonds) for the specific appli-
cation of radioactive fluoride waste treatment. Hence, we
expect that phosphate-based glasses will take precedence
over silicate-based glasses in radioactive fluoride waste
disposal. Moreover, the MD simulation applied in this
work was efficient and provided a theoretical basis for the
study of the solidification of radioactive waste, especially
in complicated environments, which most laboratories
could not afford to perform. However, we recommend that
simulations should be combined with experiments, which
can accelerate the development of radioactive waste
disposal.
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