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Abstract

Bioactive glass coatings can improve the osteo integration of metallic implants hence their
lifespan and overall success rate. However, complex composition-structure-property relations in
phosphosilicate-based bioactive glasses makes experimental determination of these relations and
related composition design of bioactive coatings challenging. By applying molecular dynamics
(MD) based atomistic simulations with recently developed effective potentials, this work addresses
the challenge by using a material genome approach to obtain the composition and structure effect
on various key properties for bioactive coating applications. A series of potential bioactive glass
compositions were studied and the composition effect on the mechanical and thermal properties
that are critical to these bioactive glasses as a coating to metallic implants were calculated.
Particularly, by systematically varying the level of B203 to SiO:2 substitutions, the effect of
composition on various key properties is elucidated. It was found that by using cation 1 to 1 ratio
(BO3x2 to Si02) instead of the commonly used substitutions (B203 to SiO2), the composition effect
can be more clearly expressed and hence recommended in future composition designs. Importantly,
together with careful structural analysis, the origin of property changes can be elucidated. The
atomistic computer simulation-based approach is thus an effective way to guide future bioactive

glass designs for bioactive coatings and other applications.

1. Introduction
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Since its first discovery in 1970s, bioactive glass finds wide biomedical applications from
hard tissue repair, wound healing, tissue engineering, to bioactive coatings to metallic implants [1-
6]. Metallic implants such titanium and alloys are widely used in load bearing orthopedic
operations and joint replacements. To date, almost one million arthroplasties were performed
annually, and the number is expected to reach 3.5 million by 2030 [7-9]. Despite high success rate
of orthopedic implantation surgery, there are increasing cases of deterioration, tissue intoxication,
and prolong postoperative recovery, commonly caused by the interfacial instability, mechanical
loosening, accidental infection, and foreign body reaction elicited by the implants [3,10—13]. After
the implanting surgery, a non-adherent and fibrous granulation tissue often encapsulates the
implant as a spontaneous response to foreign objects from the host [14—17]. To better integrate the
metallic implant with the host tissue, hence improve the overall longevity of the implants, coating
metal with a layer of bioactive material has been extensively studied. The only FDA-approved
process is coating the metal implants with hydroxyl apatite, the mineral part of bone, through
thermal spray. Another promising way extensively explored in the past two decades is to coat the
metal implants with bioactive glasses, an inorganic material can form bonds with soft or hard
tissues [18—24]. The first bioactive glasses invented by Larry Hench in early 1970s is based on the
Si02-Na20-Ca0-P20s system while later studies have expanded the glass composition ranges
significantly [25-27]. It is now accepted that the dissolution of alkali ions in the glass when in
contact with body fluid leads to the formation of hydrated and porous amorphous silica layer where
calcium and phosphate groups are absorbed. The absorbed amorphous calcium phosphate can
crystallize the hydroxyapatite (HAp, Caio(PO4)s(OH)2, Ca-apatite) on the surface [28-30],
providing a compatible environment for osteoblast cell proliferation in the host body. It was also
found that, together with HAp, the local liquid ionic environment can promote bone cell growth,
providing an adhesive, strong biological interfacial bond between the bioactive glass layer and the
host tissue, enhancing biocompatibility of the implants [31-36]. As a coating material, the dense
glass structure can also seal the substrate, preventing the corrosion and release of heavy metal ions

[24,37-40].

Among the properties of bioactive glasses as coatings to metallic implants, the matching
of the coefficient of thermal expansion (CTE) with the substrate metal is an important
consideration. A large mismatch of CTE can lead to thermal stresses or even cracks at the glass-

metal interface hence weaken the interfacial bonding during the coating process [11,41]. The
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viscous sintering method have been used widely to coat various bioactive glasses on metal implant
surfaces [13,42-45]. It was found that there is a trade-off needs to be made between the
homogeneity of coating glass and the chemical stability of the interface [46,47]. Recently, laser-
assisted coating used to apply bioactive glass coatings on metal implants, high laser energy melts
bioactive glass and metal to form cladding layer and prompt a strong interfacial bonding [19,48,49].
However, the high energy density also induces tensile stress and elemental dilution between the
glass and heat affect zone of metal, which change the chemical composition and microstructure of
the glass and can decrease the biological response [49—51]. It is thus clear that designing bioactive
glass coating for metal implants is a challenging task due to large design space of potential glass
compositions, various targeted thermal, mechanical and bioactivity properties, and available

coating methods.

The physical and biological properties of bioactive glasses can be adjusted by changing the
glass compositions. Indeed, bioactivity, the dissolution rate, mechanical properties, and thermal
properties can be modified by doping or substituting major oxides in the base bioactive glass
composition [52-61]. B2O3 has been proven to accelerate both glass degradation and HAp
crystallization [62—68]. Some research also shows that substituting SiO2 of bioactive glasses with
B203 (B203/S102) or adjusting the ratio of B203/Si02 in bioactive glass can enhance the density of
HAp on the glass surface without causing static local environment that inhibits cell proliferation
[32,62,63,69,70]. For thermal properties, it was found that adding B203 in CaO-SiO2-P20s
bioactive glass can lower the sintering temperature during coating and increase the homogeneity
of glass layer [71]. Xie et al. reported that doping 4% of B203 enhances the density and mechanical
properties of 45S5 Bioglass® coating without sacrificing the bioactivity[72]. Although the optimal
composition is not yet reached, the targets of bioactive glass coating can be summarized from the
previous investigations: (1) The CTE of bioactive glass should be close to but slightly higher than
that of metal implant to create a compressive stress on the interface to increase the adhesion [73,74].
(2) Ty of bioactive glass needs be lower than the sintering temperature to allow viscous sintering
to form a uniform glass layer on the surface of metal implant with complex shape [75]. (3) The
mechanical properties of bioactive glass should be sufficiently high after coating process to prevent
interfacial crack or delamination from the micromovement or strain [7,31,76]. (4) The bioactivity
of glass needs to be preserved after coating without the elemental dilution or crystallization of the

coating layer during the coating process.
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With more complexity and functionality involved in bioactive glasses, the conventional
“cook-and-look” methods gradually become infeasible and resource-consuming endeavor. Owing
to the unique amorphous structure, a glass does not need to satisfy the stoichiometric requirement
as crystalline material. This high compositional continuity allows glass to incorporate with nearly
every element on periodic table, creating an essentially infinite number of compositions. Following
the concept of “material genome”, the “glass genome” concept has been proposed to take
advantage of the vast composition space to design glass for various applications [77,78]. Both
physics-based and numerical based modeling approaches can be used in “glass genome” to design
glasses for various technological and biomedical applications [77,79,80]. To raise a few examples,
artificial neural network (ANN) was adapted to develop models to predict Tg, tensile strength [81—
83], molecular dynamic (MD) simulation was adapted to large-scale sequential compositional
exploration and structural analysis [84,85], and topological model was developed to predict the
initial dissolution rate of glass [86,87]. For the current work, a combination of physics modeling
such as MD simulations based on recent developed partial charge effective potentials and
Quantitative Structure-Property Relationship (QSPR) analysis were adopted to help elucidate the
major contributor of glass properties and leading the direction to functional-oriented compositional

optimization [84,85,88-92].

MD simulations have showed that with increasing level of SrO/CaO substitution causes a
weaker Si-O network, and lower shift of PQn and SiQn species in 45S5 Bioglass® [1, 94]. The
change in medium-range structure creates an open network for Na” diffusion thus provide the
evidence that agrees with the experimental result of the positive effect on the bioactivity. With the
development of rigid ion [106] or polarizable potentials [118] for boron oxide, the effect of boron
oxide to silica substitution on the structures of phosphosilicate based bioactive glasses have been
investigated [95, 117]. Integrating MD simulations and solid-state NMR have revealed significant
short and medium range structure details of these glasses as a result of boron oxide to silica
substitution [117]. The preference of NBO association with glass former oxygen structural units
were established, as well as the probability of glass former cation-oxygen-glass former linkages
[117]. MD simulation found that B203/SiO> substitution in Sr-doped 55S4.3 Hench Bioglass®
shows an abrupt decrease in bioactivity when the network connectivity (NC) increases from 2.6 in
0%-B203/S102 to over 3 in 25%-B203/Si02. The value 2.6 of NC was considered as the upper

boundary in compositional modification [95], which can be the increase of additional amount of
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glass former resulted from the substitution SiO2 with B2O3 in 1:1 molar ratio. Although most of
experimental study was done by molar ratio substitution, the increase of B can lead to the increase
of NC and thus hinder the biological response. However, at the same time, the local environment

of boron has always been a complicated field and affects the final glass properties largely.

This paper reports an investigation of designing bioactive glass compositions, particularly
by boron oxide to silica substitutions, suitable for bioactive coatings of metal implants by using
atomistic simulations and related property calculations. Bioactive glass 6P55 (composition:
54.58102-11.6Na20-2.6K20-16.1Ca0-12.7MgO-2.5P20s, in mol %) was used as the matrix due
to its high glass stability and its CTE (11.1x10°%K) is close to titanium alloy (Ti6Al4V, 9.5-
10.5x107%/K) [41,96]. As compared to other bioactive glasses, e.g. 4555, these glasses have higher
stability against crystallization, due to introducing K>O and MgO oxides in the glass composition,
hence is more suitable for sintering. By optimizing the firing conditions, bioactive coatings with
higher interfacial strength have been applied to titanium and cobalt-chromium alloys by using the
viscous sintering method [41]. The focus of this work is to study the effect of boron oxide to silica
substitution on the structures and various physical properties of 6P55 bioactive glasses. Although
not found in the original Hench bioactive glass compositions, boron oxide has been shown to
improve hot forming domain [97], provide beneficial effect on bioactivity [32,68,98,99], increase
corrosion resistance (e.g. in Pyrex® glass) [100], and can potentially improve the adhesion with
the metal implants [95,101]. It is thus of significant importance to study the effect of boron oxide
addition to bioactive glasses for bioactive coating applications. In mixed former glasses, there are
two schemes of substitution: one is based on general chemical formula B203 to SiO2 substitution
while the other one is BO32 to SiO2 based substitution. The latter is based on cation 1 to 1 ratio
substitution. The two would lead to difference in composition and hence the glass properties. In
order to compare the effect of the two types of substitutions two series of glasses have been studied.
The first series consists of 5%, 10% and 15% of B203/Si02 substituted 6P55, which is the
conventional way of boron oxide to silica substitution, while the second series consists of 5%, 10%
and 15% of BO3/2/Si0: substituted 6P55 to keep total glass former cation constant in the substituted
glasses. Detailed structural analyses were performed for the two series of bioactive glasses. The
structural changes are correlated with their mechanical, thermal properties as a function of glass

composition and the structural origins of these changes are elucidated.
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2. Methodologies
2.1 Glass formation using MD simulations

The selected bioactive glass composition for coating were studied using classical MD
simulations with Large-scale Atomics/Molecular Massively Parallel Simulator (LAMMPS)
program[102]. Table 1 shows the compositions and densities of the glasses investigated in this
study. The 6P55 bioactive glass was chosen as the base glass and glasses with 0, 5, 10 and 15
mol% B203 to SiO2 substitution were studied and denoted as 6P55 x%B203 (where x = 5, 10,
15). The B/Si ratio of each glass composition and percentages of non-bridging oxygen (NBO)
from the final simulated glasses are also shown in Table 1. The B/Si ratio increases more rapidly
in the 1:2-sub series than the 1:1-sub series, not surprisingly. While the NBO percentage
decreases in the 1:2-sub series, it increases monotonically in the 1:1-sub series. The compositions
correspond to the conventional ways of conducting B203/SiO2 substitution in
experiment[103,104]. We also investigated 6P55 with 5, 10, 15 mol% BOs3/2 to SiOz2 substitution
were denoted as 6P55 x%BO3/2/Si02 (where x =5, 10 ,15). The compositions were designed by
the atomistic view of glass structure, using BO3/2/S102 substitution to keep the amount of glass
former constant. We focused on the compositions with less or equal to 15 mol% B203 or BO1.s
to Si0O: substitution as higher level of substitutions decrease the thermal, chemical stability [95]
and overall bioactivities [120, 121] of the glasses that make them not suitable for bioactive
coating applications. Each simulation cell contains around 10,000 atoms and three parallel
simulations were carried out for each composition. Glass series with B203/S10z2 substitution are

labeled as “1:2-gf-sub” and those with BO3/2/S102 substitution are labeled as “1:1-gf-sub”.

The partial charge pairwise potential with short-range interaction in the Buckingham form and
long-range Coulombic interaction was set to describe the interatomic energy, as shown in Eq 1.

qiq;e’ —Tij Cij
V(rij) :m+AUexp( J>—_6] —(1)

j Pij Tij

where V and 7;; are the potential energy and interatomic distance between ion i and j, respectively.
The first term describes the long-range Coulombic interaction. q; and q; are the partial atomic

charge of ion i and j and g, is the electrical permittivity in vacuum. The second and third terms
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describe the exponent of the Buckingham form repulsive energy and van dar Walls attraction
energy. The potential parameters in second and third terms of Equation 1, 4;;, p;; and Cj;, were
developed by Deng and Du, as shown in Table 2 [105]. The initial simulation cell was created by
a random atomic configuration equilibrated at 298K for 20 ps using isothermal-isobaric (NPT)
ensemble for the structural relaxation. The simulation cell was then melted at 3500K using NPT
ensemble for 200 ps, before quenched from 3500K to 300K at a cooling rate of 5K/ps using NPT
ensemble. The final equilibrium steps were carried out at 300K using NPT, canonical (NVT) and
then microcanonical (NVE) ensembles for 100 ps, respectively. The final glass was extracted from
the last trajectory of NVE equilibrium. Fig. 1 shows the snapshot of the structure bioactive glass
6P55 10%B203 and the zoomed in picture showing the network structure consisting of SiO4, BO3,

BO4 and PO4 units.

2.2 Calculation of coefficient of thermal expansion

The coefficient of thermal expansion (CTE) of glass was measured by recording the volume
of simulation cell from 298K to 2298K in 100K intervals. The glass was kept at each temperature
for 50ps using NPT ensemble at 1 atm to reach equilibrium. A volume-to-temperature diagram
was firstly established to determine the glass transition temperature (Tg). Then, the CTE was

derived from Eq 2 using the temperature below Tg of each composition specifically.
—(2)

where ¢ represents the linearly coefficient of thermal expansion, L, represents the original length

ER2

a =
L™ a1 L,

of the simulation box and dL represents the length change corresponds to the temperature change

oT.

2.3 Calculation of mechanical properties

The mechanical property is calculated from the micro-deformation process performed in MD
simulation, which is defined as the strain caused by the stress, as expressed by the Eq 3.
0; = Cij X & —3)
where o; is the symmetric stress tensors elements, ¢; is the responding symmetric strain elements,

and C;; (7, andj are the Voigt deformation component. iandj =1, 2, 3,4, 5, 6) is the elastic constant
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tensor. A finite deformation of 0.5% was applied from six directions (X, y, z, Xy, yz, xz) of
simulation cell using method by Aidan Thompson to obtain the elastic constant matrix (C) [108],
after that, the compliance matrix (S) can be derived from the inverse of elastic constant matrix
(S = C€71). Voigt, Reuss and Hill’s methods were adopted to calculate Bulk (B) and shear modulus
(G). Voigt method uses uniform strain in the aggregation, and the equation for Voigt bulk and

shear modulus were shown in Eq 4 and 5.
1
Byoige = ;(Cn + Cpp + C33+ 2(Cip + Ci3+ C3)) —(4)
1
Gyoige = 12 (Ci1 + Cpp + C33 — (Cip + Ci3 + Ciy) + 3(Cag + Css + Cg))  —(5)

On the other hand, Reuss method uses the uniform stress in the aggregation to acquire bulk and

shear modulus, as shown in Eq 6 and 7.

-1
Breuss = (511 + S22 + 833+ 2(S31 + S31 + 532)) —(6)

15
4(S11+522+S33—S12—523—513)+3(S44+Ss55+S66)

— ()

Greuss =

The Young’s modulus of both methods can be calculated by Eq. 8.

1 1\t
E=(5+3) —®
For statistical accuracy, Young’s modulus of bioactive glass reported in this paper were calculated

from Hill’s method, which is the geometric average of Voigt and Reuss methods [109].

3. Results
3.1 The effect of B2O3 substitution on the short-range structure of major glass former

The structural information of simulated bioactive glass 6P55, 6P55 with B203/SiO2
substitution series and 6P55 with BO32/Si0:2 substitution series were captured by coordination

number (CN), total correlation function (TDF), pair distribution function (PDF) and Qn species.

Fig 2 shows the results of TDF and CN of Si-O and P-O in 6P55.The bond distances of Si-
O and P-O are 1.60 A and 1.51 A, respectively, and both Si and P are in the four-fold oxygen

coordinated environment. Three parallel tests show the same result, suggesting that both
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tetrahedral SiO4 and POs are stable in 6P55 bioactive glass. Fig 3 shows the TDF and CN of Si-O,
B-O and P-O of 1:2-gf-sub. Fig 3-(a) and (c) shows that the SiO4 and POs4 tetrahedrons are still
stable in the glass with increasing B203/Si02. The TDF and CN of Si-O and P-O can be found in
Fig 4-(a) and (c), which are as same as Fig 2 of 6P55, and Fig 3-(a), (c) of 1:2-gf-sub series. The
result suggests that the short-range structure of Si and P are not affected by the compositional

change.

On the other hand, different ratio of glass former substitution results diverse change in the
local environment of boron. Fig. 3-(b) and 4-(b) shows that the B-O distance decreases as the
amount of B203 increases and SiO2 decreases in the glass. The plateau of B-O CN drops from 3.5
to 3.1 as B203/Si02 increases in 1:2-gf-sub series and the plateau of B-O CN drops from 3.7 to 3.1
as BO32/S10z increases in 1:1-gf-sub. The result indicates a mix of three-fold-oxygen coordinated
boron (B)) and of 4-fold-oxygen coordinated boron (B[*) exist in glass, and the amount of B[]

increases and the amount of B*! decrease with increasing B203/SiO2.

Therefore, the short-range environment of B*! and B!*! were shown by deconvoluting PDF of
BBLO and BM™-O . For 1:2-gf-sub, Fig. 5 shows that the bond distance of B[*-O decreases from
1.42 A to 1.39 A with B203/SiO: increases from 5% to 10% and stop changing with B203/SiO>
increases from 10% to 15%; the intensity of PDF peak has no obvious change as B203/SiO2
increases. For 1:1-gf-sub, Fig. 6 shows that both peak positions and intensity change continuously.
Bond distance of BP-O decrease from 1.45 A to 1.41 A to 1.38 A and the bond distance of B[*-O
decrease from 1.53 A to 1.51 A to 1.45 A as BO3»/SiO: increase from 5% to 10% to 15%. The
change of B-O bond distance and the percentage of BP! and B*! in the glass was summarized in

Table 3 and 4, respectively.

3.2 The effect of boron oxide substitution on the medium range structure of major glass

formers

Bond angle distribution (BAD) between major glass formers were calculated to depict the
connection between polyhedrons. As a general observation, Fig 7 and 8 show an expanding angle
of £Si-O-B < £S8i-O-Si < £Si-O-P in both series of glasses, which should be resulted from the

increasing columbic repulsive force between Si*'—B**, Si*"«»Si*" and Si*"«<>P>". For the BAD of
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Si-O-Si, Fig 7-(a) shows £Si-O-Si of 1:2-gf-sub is a constant of 150° with increasing B203/S102.
On the other hand, Fig 8-(a) shows that £Si-O-Si of 1:1-gf-sub decreases from 151° to 147° series
with increasing BO3/2/Si02. For the BAD of Si-O-B, Fig 7-(b) shows £Si-O-B increases from 143°
to 150° as B203/SiO2 increase from 5% to 10%. On the other hand, Fig 8-(b) shows 4£Si-O-B
expand continuously from 142° to 149° with increasing BO3/2/SiO2. For the BAD of Si-O-P, £Si-
O-P in 1:2-gf-sub (Fig 7-(c))is around 3° wider than £Si-O-P in 1:1-gf-sub series (Fig 8-(c)).

However, no clear results can be interpreted from BAD of B-O-P because of the low intensity.

To investigate in the compositional effect, the deconvolution of £Si-O-BP! and £Si-O-B!
are calculated and presented in Fig 9 and 10. General observation shows that both £Si-O-B* and
£8Si-O-B" expand in both 1:1-gf-sub and 1:2-gf-sub glasses. Comparing between Fig 9-(a) and
(b), the intensity of £Si-O-BP! increases and the intensity of £Si-O-B* decreases as B203/SiO2
increases. Furthermore, £Si-O-B[*! does not expand and stay at a constant 148.5° for all B203/SiO,
while the £Si-O-B*! expands from 140.5° to 148.5° as B203/SiO: increases from 5% to 10%. A
different behavior can be found in 1:1-gf-sub. As shown in Fig. 10-(a) and (b), £Si-O-B"! expands
continuously from 145° to 150°, and £Si-O-B*! also expands from 141° to 150°, as BO32/SiO>
increases. Although substituting B2O3 with SiO2 should increases the network connectivity due to
the increase of glass former, it is not the only factor. The expansion between Si04-BO4 contributes
majorly to the structural change in 1:2-gf-sub; while the expansion of Si0O4-BO4 and Si04-BO3
both contribute to the structural in 1:1-gf-sub glass. Since the connection between major
polyhedrons respond differently to the B2O3 substitution, these two methods could not only result

to different structural properties but also thermal and mechanical properties.
33 The effect of BO3 substitution on the Q, species of glass formers

The distribution of Qn species represents the strength of network structure thus is highly
related to the mechanical, chemical properties and bioactivity of the glass. Qn species here
represents a glass former cation-oxygen tetrahedron with » bridging oxygen. For boron, as it can
take 3 and 4-fold coordination of oxygen, the boron species is denoted as B,[lm], in which m
represents boron coordination and » presents the number of bridging oxygen, or Bn, where # is the

average number of bridging oxygen and calculated based on the fraction of B and B! species.
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The distributions of the three major glass formers species for the 1:2-gf-sub and 1:1-gf-sub series
were calculated and presented in Fig 11, 12, and 13.

For SiQn species, Fig 11-(a) shows SiQ1 and SiQ2 decrease while SiQ3 and SiQ4 increases
with increasing B203/S102 in 1:2-gf-sub series glasses. Fig. 11-(b) shows that the change of SiQn
species of 1:1-gf-sub is not significantly affected by compositional change from the 6PS55,
suggesting that keeping same glass former ratio does not drastic alter the network connection, thus,
could have lower effect on the dissolution behavior.

For PQn species, Fig. 12-(a) shows PQo and PQ: decrease and PQ2 and PQ3 increase, indicating
an increasing number of P-BO (P- bridging oxygen) with increasing B203/Si0z2 in 1:2-gf-sub series.
Fig. 12-(b) show that PQi, PQ2 and PQs3 decrease as PQo increases, suggesting an increase in P-
NBO (non-bridging oxygen) with increasing BO3/2/S10z in 1:1-gf-sub. MD simulation shows that
the connection of PO4 tetrahedron in glass network decreases in 1:1-gf-sub, but increases in 1:2-
gf-sub with increasing B20s. The increase of higher n PQn species in the 1:2 substitution series
can be explained by the double amount of former cations introduced for each substitution hence
there are more bridging oxygen and the network becomes more connected. For 1:1 substitution
series, each B can form maximum 3 or 4 bridging oxygens, depending on its coordination, hence
the total bridging decreases that resulting in a decrease of higher n PQn species and increase of
PQo species. *'P NMR studies showed that P ions in glasses exist mainly as Qo and small amount
of Q1 species [119]. MD simulations tend to overestimate the higher n Qn species of P and the
results are dependent on the choice of interatomic potential [95, 117]. It has been shown that the
usage of polarizable potentials in MD simulations can improve the description phosphorus Qn
distribution than the rigid ion potential used in this work [117-119].

For boron species, Fig. 13-(a) and (b) show both substitution series lead to an increase of Bo,
B1 and B2 percentages and a decrease of B3 and B4 percentages with increasing the level of
substitution. However, it can be seen that the change of Bn has a more consistent change in the

1:1-gf-sub series (Fig. 13 b) than the 1:2-gf-sub series. All B4 species come from 4-fold

coordinated boron while B3 can from 4 or 3-fold coordinated boron. The B,[f] (n=0-3) and B,[f]
(n=0-4) distributions of 3- and 4-fold coordinated boron for two glasses are shown in Fig. S1. The
majority species are BF] and B3[4] for 4-fold coordinated boron and 32[3], BE]and Bl[g]species for

3-fold coordinated boron. It is worth mentioning that there are small amount B(Eg] species (ranging
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]

from 1.8 to 4.4% depending on the composition) but no B(£4 species was observed. The

percentages of boron spices B,[f] and B,[f] as a function of the B/Si ratio for the two series of
glasses are summarized in Fig. S2. The change can be explained by the amount of bridging oxygen
in the system as a function of the substitution discussed earlier. Table 5 summarizes the change of
Si and P Qn, as well as Bn, species as a function of substitution concentration and Fig. 14 shows

representative configurations of different Qn species in the glasses.

34 Tg and CTE of B2O3 substituted 6P55 bioactive glass

Tg of all compositions were acquired by step heating method and the CTE of each composition
is calculated from the volume change below the Tg. Fig 15-(a) shows the fitting of Tg of 6P55
bioactive glass as a demonstration: two tangent lines (R?> 0.97) were fitted and extended from the
lower and higher temperature regions to find the intersection as Tg. In Fig 15-(b), both 1:2-gf-sub
and 1:1-gf-sub show the same pattern of decreasing Tg with increasing B20O3 substitution. Unlike
1:1-gf-sub series, the decreasing pattern of 1:2-gf-sub discontinues when B203/Si02 concentration
increase above 10%. Overall, the Tg value of all 1:2-gf-sub glass are higher than 6P55. On the
contrary, Tg of all 1:1-gf-sub glasses are all lower than 6P55.

Figure 16 (a) shows the CTE fitting of 6P55 with 10% BO3/2/Si0z2 substitution and Figure 16
(b) summarized the CTEs of all the glasses. The CTE of 1:2-gf-sub glasses decreases from
1.82x107° K! to 1.76x10° K! and remain constant when the composition reaches 10% B203/SiO:
substitution. For 1:1-gf-sub series, the CTE continuously decreases from 1.76x107 K to 1.75x10"
5 K! then to 1.73x10™ K'!' as BO32/SiO2 increases hence shows a more linear change with the
level of substitution. The evolution of thermal properties can be correlated to structural changes
that are summarized in Table 5, particularly those of BP*! and B! concentrations and associated
Qn species change. The more linear change of CTE in the 1:1 substitution series makes composition

design more easily to achieve than the 1:2 substitution series.

3.5  Mechanical Properties: Bulk, Shear and Young’s Modulus
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The mechanical property primarily determines the longevity, rate of revision surgery and risk
of toxicity release of biomedical implant. Bulk, shear and Young’s moduli of calculated from MD
simulations are shown in Fig. 17. In Fig 17-(a) and (b), the bulk modulus increases while the shear
modulus decreases with increasing BO3/2/S102. On the other hand, the bulk modulus of 1:2-gf-sub
differs little from that of 6P55 and shows little change with increasing B203/SiOz. The shear
modulus of 1:2-gf-sub, shows an increase at 5% B203/SiOz but gradually decreases with increasing
B203/S102. Young’s modulus of both 1:1-gf-sub and 1:2-gf-sub decreases with increasing
substitution, and the Young’s modulus of 1:1-gf-sub are found to have higher value than 1:2-gf-

sub.

4. Discussion

4.1 Influence of B2O3 substitution to the thermal properties of 6P55

Thermal properties such as Tg and CTE of bioactive glass 6P55 with B203/Si0:2 (1:2-gf-sub)
and BO3/2/Si0z2 (1:1-gf-sub) substitution were calculated from MD simulations. We have shown
that the structural features of these two series of B20s substitutions are quite different and,
therefore, the following section will discuss how the change of thermal properties with
composition are correlated with glass structure changes.

In the previous section, Fig 18-(b) shows that 1:2-gf-sub series have higher Tg than the original
6P55 glass, the value decreases with increasing B203/Si02 and reaches a plateau at 10% to 15%
concentration. On the other hand, the Ty of 1:1-gf-sub series continuously decreases with
increasing BO3/2/S10:2 substitution. To explain the difference, the change of network connectivity
(NC) as a function of increasing substitution concentration was calculated by Eq. 8 and shown in
Fig 18-(a). NC increases linearly from 2.5 (6P55 bioactive glass) to ~2.68 in 1:2-gf-sub series, but
linearly decreases to ~2.32 in 1:1-gf-sub series. The increasing trend of NC in the 1:2-gf-sub series
is mainly due to the additional glass former cation (boron) introduced to the composition, which is
also reflected from the higher intensity and higher angle of £Si-O-B BAD peak. The NC is defined

as:
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where Si,, and P, represents percentage of Si and P Qn species, respectively; B,ES] and B,[f]
represent percentages of 3- or 4-fold coordinated boron with » bridging oxygen, respectively; Nsi,
Np, Ngzjand N i) represent the number of Si, P, BP) and B! cations in the formula or the

simulation cell.

A linear increase of NC in the 1:2 gf-sub series does not lead to a linear change in Tg. Fig 18-
(a) shows Tg of 1:2-gf-sub decreases from 1450K to 1426K when B203/Si102 increases from 5% to
10% and does not change as B203/S102 increases from 10% to 15%. On the other hand, the Tg of
1:1-gf-sub decrease almost linearly as a function of BO3/2/SiOz substitution. Comparing the change
of boron coordination number and Bn from 1:2-gf-sub and 1:1-gf-sub, Table 5 indicates that, in
1:2-gf-sub glass, 37% of B*! converts to B! when B203/SiO: increase from 5% to 10%, and only
1% variation between 10% and 15% B203/Si02. Moreover, Si/B ratio of 15% B203/SiO2 in 1:2-
gf-sub is 1.3, the value implies that B203/Si02 substitution makes B replacing Si as the major
network former with additional boron doping. The result suggests that the contribution of NC is
not the predominant factor of the thermal properties. In fact, the change of local structure of the
glass formers should have higher influence.

For 1:1-gf-sub, the decreasing trend of Tg coincides with the decreasing NC, which is
reasonable because of substituting Si'¥! with increasing B! and some B!*!. Since there is no
additional glass former, the network energy can be used to determine the thermal property. As
B032/Si02 increases, BP! and B*! should have increasing influence on the glass structure. Besides
the coordination number, probing into the conversion of Bn species can help us understand the

change of local environment of glass former. From the research by Mauro et al. using binary glass

system, xM20-(1-x)B203 (M = glass modifier), the increases of x within the range of 0 < x < %

. . . . . 1 .
results to B3 converting to B4, which increase the Tg. Further increases x in x > 5 regime leads to

lower distribution of Bn species [110]. Fig 18-(c) shows that the decreasing trend of Tg of 1:1-gf-
sub and 1:2-gf-sub can be contributed by the lower shifting in Bn, corresponding to the fact that
lower Bn species of B (B1, and B2) is contributed by B!*), and higher Bn species is contributed by
BHI.
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In 1:2-gf-sub, the B; and B2 converting to B3 and B4, and the conversion trend slightly deflect
at B203/Si0z2, which corresponds to the Tg shown in Fig 15-(b). In 1:1-gf-sub (black), B3 and B4
converting to B2 and even Bi1. However, we must consider the change of SiQn species because of
the additional glass formers. As shown in Fig 18-(d). 1:2-gf-sub shows a relatively steady amount
of SiQ3, while 15% of SiQ2 converting to SiQs with increasing B203/Si02, which reduce the Tg.
In 1:2-gf-sub 15% glass, since SiQ4 is higher than the original 6P55, the Ty value of 1:2-gf-sub is
higher than the 6P55. For 1:1-gf-sub glasses, SiQ:z linearly increase to 32.5% in 15% BO3/2/Si0z2,
both SiQ3 and SiQy, slightly increase at 5% BO3/2/Si02 then decrease to a lower value compared
to 6P55.

From MD simulation, we can deduct that the local structure of Bn and SiQn can better describe
the compositional effect on Tg of 6P55 bioactive glass. And the additional boron in B203/Si02

substitution results to higher NC, which makes NC inaccurate when estimating the thermal
property.

4.2 The influence of boron local environment to CTE

CTE depends on the amplitude of thermal vibration in the glass network, therefore , the
stronger bonding within network constrains the vibration amplitude, which should reduce CTE
and increases Tg. Since CTE is considered as a dynamic expansion of endothermic reaction, with
the constant heat flow (9T in Eq. 2) in MD simulation, the structural change as a function of
temperature should play the essential role for the CTE. Fig 16-(b) shows both series have
decreasing CTE with increasing B20s3, and 1:1-gf-sub series have more continuous trend of CTE
change than 1:2-gf-sub. Therefore, a reasonable deduction can be made that the change of B and
B as a function of temperature should also determine the sensitivity of the structural response to
thermal energy. The variation between B!*! and B[*! in 1:1-gf-sub and 1:2-gf-sub at increasing

temperature were shown in Fig 19-(a) and (b), respectively.

Fig 19 shows that B! gradually converts to BP as temperature increases, and this structural
change should be reversible as the cell temperature decrease within the temperature range below
Te. Moreover, the B'—BP has a saturation point where B*! and B! can only reach 90% and

10% at high temperature to keep the glass structure stable. Fig. 19-(a) shows that ~44% and ~22%
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of B converting to B in 5% and 10% B03/2/SiO2 as temperature increase from 498K to 2298K,
respectively. In Fig 19-(b), 1:2-gf-sub shows little change of B[*) and B*], except in 5% B203/SiOz,
where ~30% of B! converts to B! as temperature increases. Since the BAD shows £Si-O-BP is
higher than or equal to £Si-O-B™ in all compositions (Fig 9 and 10), it can be deducted that the
cell expansion could be contributed by the expanding angle between SiO4 and BO3 units. The cell
expansion responding to increasing temperature will be held back when no more BOs3 unit is

created and all BOa is stabilized, thus explain the trend of CTE.

This B*—BE! conversion also affects the distribution of Bn species during temperature
increase. Since the BO3 majorly contribute to the increasing amount of Bz, the increase of B2 is an
indication of B*'—Bl conversion after absorbing the thermal energy [105]. Fig. 20-(a) shows the
Bn change during heating, B4 is converting to B2, while Bo, B1 and B3 shows a little change from
the 498K to Tg, suggesting the thermal energy is used to converting B! into BP*), and thus the glass
network weaken as cell expand. The similar behavior can be found in Fig 20-(b) and (d). However,
in Fig. 20-(c), 15% BO3,2/S102 shows a B4—-B3 while B2 remains almost constant. In this
composition, the CTE stops decreasing because no further increase in B*!. The same composition
with “saturated B can be found in Fig. 20-(¢) and (f) for 10% and 15% of B203/SiOz,
respectively. This evidence explains the limitation of modifying composition to adjust thermal for

6P55 using B203/Si02 substitution.

Overall, the comparison of thermal properties suggests that 1:1-gf-sub allows more control
over the glass structure and their thermal properties than the conventional 1:2-gf-sub 6P55, which
induced excessive B20s that changes 6P55 into boron-dominated glass. The 1:2-gf-sub 6P55
should be considered as B20Os3-doped 1:1-gf-sub 6P55.

4.3 Comparison of CTE from empirical models

CTE has been a hidden issue when designing the bioactive glass compositions, there are many
studies pointing out some glasses have high bioactivity have to be sacrificed for the coating
procedure due to the large difference of CTE between glass and metal [12,49,76]. Another approach
is to predict the CTE by the weight ratio of oxides and their proportionality factors. D. Bellucci et
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al. and S. Lopez-Esteban et al. summarized the factors of currently available models using a

general additive equation, as shown in Eq. 10 [41,73].
CTE = Yl aip; — (10)

where ¢; is the proportionality factor and p; is the wt. % of oxides; and » is the total number of
the oxide in glass. The a; of corresponding oxides used this study are listed in Table 6. It is
important to note that the ap o, shown in Winkelmann & Schott’s model was from mathematic
derivation, which does not include in other empirical models. Because of the essentiality of P2Os
in bioactive glass, ap, o, was added from the study of Hench et al to all models and is denoted as

*P20s [111].

The CTE resulted from the aforementioned models were shown in Fig 21-(a) and (b) for 1:2-
gf-sub and 1:1-gf-sub, respectively. For 1:2-gf-sub series (Fig. 21(a)), all the models predict a
decrease of CTE with increasing the level of substitution, but the Hall model predicts the least
change of CTE in the series which may be caused by the fact that ag,, is larger than ag;p, in
Hall’s model. On the other hand, most models predict the CTE increases with increasing
BO3/2/Si0z2 substitution in the 1:1-gf-sub series. One exception is the E.T. model, which predicts a
slight decrease of CTE with increasing the level of substitution. The prediction of the E.T. model
is in agreement with those from MD simulations (see Fig. 16(b)). This confirms the predictive

capacity of the E.T. model, which is supported by several previous studies [73,115,116].
4.4 The effect of B»Oj3 substitution to the mechanical properties of 6P55

The bulk modulus represents how resistance of glass to compression stress and the shear

modulus represents the stiffness of the glass to the shear stress, as shown in Eq 11 and 12.
dp dpP

where K represents the bulk modulus, dP is the change of compression force and dV is the change
of volume as a response to dP. With constant mass, the bulk modulus, K, also equals to the change
of density, p,as response to compressive stress. To put it simply, the less the change of glass

structure, the larger the K value.
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S
G = Yxy " Atan® (12)

where G represents the shear modulus, ,,, represents the shear stress, which is equal to the ratio

of shear force (F) exerted on an area(A), and 0 represents the shear angle of the structure. To find
the correlation between structural properties and mechanical properties, plots of NC vs bulk, shear
and Young’s modulus were shown in Fig 22. In Fig 22-(a), it is interesting to find that with
increasing NC, the bulk modulus of 1:2-gf-sub do not change significantly with increasing
B203/S102, and the bulk modulus of 1:1-gf-sub only changes slightly from 28GPa to 29GPa with
increasing BO3/2/S102. This can be explained by the stronger SiO4 connection in 1:1-gf-sub with
compositional change. As shown in Fig 11, the B2O3 substitution causes an increase in the SiQn in
1:2-gf-sub while 1:1-gf-sub remain almost unchanged. However, the stronger connection around
SiO4 does not enhance the mechanical properties, suggesting that other glass former has large
influence on the mechanical properties when using 1:2-gf-sub. Fig. 22-(b) shows that the shear
modulus of 1:1-gf-sub decreases as NC decreases, which is fairly reasonable. On the other hand,
1:2-gf-sub decreases as NC increase. This behavior is similarly to Tg shown in Fig. 15-(b),

implying that Ba species could have major influence the shear modulus of of bioactive glass.
5. Conclusions

In this paper, the capability of using MD based atomistic simulations and associated property
calculations to design the composition of bioactive glasses for biomedical applications, with a
particular focus on bioactive coatings for metal implants, has been investigated. The CTE, Tg, bulk,
shear and Young’s modulus of bioactive glass 6P55, which is a bioactive glass composition with
high thermal stability and matching CTE with titanium alloy, together with two series of
compositions with B203/Si02 and BO3/2/Si0z substitutions, have been systematically studied using
MD simulations with recently developed effective partial charge potentials to understand how

boron oxide to silica substitution affect the physical properties of these glasses.

Short and medium range structures such as boron coordination, glass former cation Qn
distribution and network connectivity of the glasses were obtained and correlated with the property
changes with composition. The results show that the network connectivity is a general indicator of

change of Tg: Si Qnand Bn distribution change shows the conversion of B4+ B3 — B>+ B; and Si
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[Q4+ 03— Q2] can decrease the Tg. Furthermore, B203 to SiO2 substitution was found to increase
Tg, due to an increase of network connectivity. It is known that boron coordination change with
composition is both a function of R (modifier to boron ratio) and K (silicon to boron ratio) and
shows a nonlinear dependence of R and K. In the composition range studied (B203 or BO32 < 15
mol%), using BO3.2 to SiO2 substitution gives more linear and monotonic changes of Ty, CTE and
other properties than the conventional B203 to SiO:2 substitution hence is recommended for

composition design.

The changes of properties of bioactive glasses with composition and their structural origins,
were also investigated. To understand the CTE of these glasses, boron local environment as a
function of temperature was extracted from simulations. It was found that the conversion of Bl*)—
B, which results in a larger angle between Si-O-B (£Si-O-B*! > £Si-O-BP)), is the major
contribution to thermal expansion with temperature. For B203 to SiOz substitution, the CTE shows
a saturation effect with the level of substitution. For glasses with BO3»2 to SiO2 substitution, it
shows a more linear change with composition in the substitution level studied (up to 15 mol%).
The CTE from MD simulation is further compared with several existing models of CTE and the
effectiveness of the models were compared and discussed. Mechanical properties in terms of shear,
bulk and Young’s moduli in the two kinds of substitutions were also investigated. For B203 to
SiO2 substitution leads to a decrease of shear and Young’s modulus, which is mainly due to the
decrease of Si Qn species. On the other hand, BO3/2 to SiO:2 substitution does not have large effect
on the mechanical properties. The results show that MD based simulation is an effective approach

to design bioactive glass compositions for coating and other biomedical applications.
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Tables:

Table 1. Glass compositions (in mol %), B/Si ratio, percentage of NBO and the final densities
from MD of bioactive glass 6P55, and 6P55 with B203/Si02 and 6P55 with BO3/2/S102

substitutions

B203/Si02 substitution (1:2-gf-sub)
. Density B/Si | NBO
Glass name SiO; | B2Os | P,Os | MgO | CaO | Na,O | KO (g/em) Ratio o,

6P55 54.5 0] 25| 12.7| 16.1 | 11.6| 2.6|2.674+0.004 | 0.0 54.3

6P55 5%B203 49.5 S| 25] 127 16.1 ] 11.6| 2.6 | 2.568+0.007 | 0.202 | 49.9

6P55 10%B203 44.5 10| 25| 127] 16.1 | 11.6| 2.6 | 2.537+0.003 | 0.449 | 49.8

6P55 15%B203 39.5 15] 25| 127] 16.1 ] 11.6 | 2.6 ] 2.509+0.002 | 0.759 | 44.8

BO3/2/Si02 substitution (1:1-gf-sub)
Glass name SiO, | BOys | P,0s | MgO | CaO | Na,O | KO Densfgy
(g/cm’)

6P55 5%B0s3. 49.5 50 25] 127 16.1 | 11.6| 2.6 |2.566+0.007 | 0.101 | 50.6

6P55 10%BOs.2 44.5 10| 25| 127] 16.1 | 11.6 | 2.6 |2.568+0.004 | 0.225 | 53.3

6P55 15% BOs32 | 39.5 15] 25| 127] 16.1 ] 11.6 | 2.6 | 2.564+0.009 | 0.380 | 56.0

Table 2 Partial atomic charge and pair-wise potential parameters [106, 107]

Atomic pair B Buckingham potential pa;:meters 3
0'2-0'2 2029.2204 0.343645 192.58
Si?4-012 13702.9050 0.193817 54.681
B'$-012 Compositional dependent [106] 0.171271 28.500

Mg!2-0712[107] 7063.4907 0.2109 19.210
Ca'2-012 7747.1834 0.252623 93.109
Na’6.0-12 4383.7555 0.243838 30.700
K’¢-01? 20526.9720 0.233708 51.489
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Table 3 Bond distance of B?-0O and B*-0O in B205/Si02 and BO3/2/Si0: substituted 6P55

series

B-O pair 5% 10% 15%
| 2-ofosul BP0 (&) 1.42 1.39 1.39
regisu B“LO (A) 1.51 1.49 1.49
BBLO (A) 1.45 1.41 1.38

1:1-gf-sub 2
B0 (A) 1.53 1.51 1.45

Table 4 Percentage of B and B in B203/SiO2 and BO3/2/SiO: substituted 6P55 series

Boron CN 5% 10% 15%
BEB! 38.9442.1 75.93+1.0 74.73+1.3
1:2-gf-sub ”
B 61.06+2.1 24.07+1.0 25.17+1.3
BE! 26.93+3.1 48.64+1.0 81.46+1.7
1:1-gf-sub 2
B 73.07+3.1 51.36%1.0 18.54+1.7
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Table 5 Summary of O» species change of Si, P and Bn species for B in 6P55 with B203

substitution
Si B
1:1 gf sub No significant change QoT Qil Q2! | BoTBiTB2T | Bsl Bal
1:2 gf sub Qil Q2! Q4T QolQil | Q2T QaT BiTB2T B4l
Table 6 Proportionality factor of oxides from empirical models
Oxides a; of oxides from the models
Winkelmann & Schott English & Turner Hall’s Gilard & Dubrul
(W.S)[112] (E.T)[113] (H)[114] (G.D)[115]
SiO; 2.67 0.5 1.4 0.4
B:0;3 0.33 -6.53 2.0 4+0.1p
P20s 6.67 - - -
*P,0s [111] 0.35 0.24 0.36 0.59
MgO 0.33 4.50 2.0 0
CaO 16.67 16.30 15.0 7.5+0.35
NaO 33.33 41.60 38.0 51-0.33p
K>O 28.33 39.00 30.0 42-0.33p

pg. 32

P.H. Kuo, J. Du, J. Am. Ceram. Soc., 105 (2022) 3986-4008




Figure Captions:

Figure 1. Snapshot of structure model of 6P55 10%B,0O3 bioactive glass from MD simulation. Left panel
shows the whole simulation cell with around 10,000 atoms with simulation cell of
51.1x51.1x51.1 A® and the right panel shows zoomed in image of the glass network structure
consisting of SiO4, PO4, BO3; and BOj structural units.

Figure 2 TDF (solid line) and CN (dash line) of (a) Si-O and (b) P-O of 6P55 (para represents the three
parallel simulations for each composition)

Figure 3 TDF-CN of (a) Si-O, (b) B-O and (c¢) P-O of 6P55 with 5%, 10% and15% B,03/Si0,
substitution

Figure 4 TDF-CN of (a) Si-O, (b) B-O and (c) P-O of 6P55 with 5%, 10% and15% BO3,,/Si0,
substitution

Figure 5 PDF of B-O and the deconvolution of B-O and B*-O of 6P55 with (a) 5%, (b)10% and
(c)15% B»05/Si0; substitutions

Figure 6 PDF of B-O and the deconvolution of BF-O and B*-O of 6P55 with (a) 5%, (b)10% and
(c)15% BO3/,/SiOssubstitutions

Figure 7 BAD of (a) £Si-O-Si, (b) £Si-O-B and (¢) £Si-O-P of 1:2-gf-sub series

Figure 8 BAD of (a) £Si-O-Si, (b) £Si-O-B and (c) £Si-O-P of 1:1-gf-sub series

Figure 9 BAD of (a) £Si-O-B™ and (b) £Si-O-B*!in 1:2-gf-sub

Figure 10 BAD of (a) £Si-O-BP! and (b) £Si-O-B*!in 1:1-gf-sub

Figure 11 SiQ, species distribution of (a) 1:2-gf-sub, (b) 1:1-gf-sub and 6P55

Figure 12 PQ, species distribution of (a) 1:2-gf-sub and (b) 1:1-gf-sub vs 6P55

Figure 13 B, species distribution of (a) 1:2-gf-sub and (b) 1:1-gf-sub

Figure 14 Snapshot of (a) 1:1-gf-sub 5% glass. Local structure of (b) PQo from a single PO4 with 4 NBOs,
and (c) PQ; from a PO, corner-sharing with SiO4 and BO4 tetrahedrons. (d) B4 from a BO4
tetrahedron corner-sharing with PO4 and SiOj tetrahedrons. (e) B> and (f) B, that composed by
BOs3 units.

Figure 15 (a) T, fitting of 6P55 and (b) T, of 6P55, B,03/Si0, and BO3,,/SiO; substituted series

Figure 16 (a) CTE fitting for 6P55 with 10% BO3,2/Si0, and (b) CTE of 6P55 and B,05/SiO; and
BO3/,/S10; substituted 6P55 series

Figure 17 (a) Bulk modulus, (b) shear modulus and (c) Young’s modulus of 6P55 and B,05/SiO; and
BO3/,/S10; substituted 6P55 series

Figure 18 (a) Network connectivity (Solid) and T, (hollow) (b) Snapshot of Bl[g]in 15%BO03,/S10; (c) Bn,
of 1:2-gf-sub (green) and 1:1-gf-sub (black) and (d) SiQ, of 6P55 (red), 1:2-gf-sub (green) and
1:1-gf-sub (black)
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Figure 19 B! and B of (a) 1:1-gf-sub series and (b) 1:2-gf-sub from 498K to 2298K. (c) Snapshot of
32[3] and (d) B3[4] from MD simulations

Figure 20 B, species of (a) 5%, (b) 10% and (c) 15% of 1:1-gf-sub-series; and (d) 5%, (e) 10% and (f)
15% 1:2-gf-sub-series from 498K to 2298K

Figure 21 CTE of 6P55 and (a) 1:2-gf-sub and (b) 1:1-gf-sub derived from different models. The gray
circle represents the CTE of 6P55 as the reference point

Figure 22 Network connectivity vs. (a) Bulk modulus (b) Shear modulus and (¢) Young’s Modulus of
1:2-gf-sub and 1:1-gf-sub glasses
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51.1 A

Figure 1. Snapshot of structure model of 6P55 10%B203 bioactive glass from MD simulation.
Left panel shows the whole simulation cell with around 10,000 atoms with simulation cell of
51.1x51.1x51.1 A® and the right panel shows zoomed in image of the glass network structure

consisting of SiO4, PO4, BO3 and BOs structural units.
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Figure 14 Snapshot of (a) 1:1-gf-sub 5% glass. Local structure of (b) PQo from a single PO4 with 4 NBOs,
and (c) PQs from a PO, corner-sharing with SiO4 and BOj4 tetrahedrons. (d) BQ4 from a BO4 tetrahedron
corner-sharing with PO4 and SiOj4 tetrahedrons. (e) BQ: and (f) BQ, that composed by BOs units.
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Figure 15 (a) Tg fitting of 6P55 and (b) Tg of 6P55, B203/Si02 and BO3/2/S102 substituted series
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Figure 19 B! and B of (a) 1:1-gf-sub series and (b) 1:2-gf-sub from 498K to 2298K. (c) Snapshot of
31 and (d) B3[4] from MD simulations

Figure 20 B, species of (a) 5%, (b) 10% and (c) 15% of 1:1-gf-sub-series; and (d) 5%, (¢) 10% and (f)
15% 1:2-gf-sub-series from 498K to 2298K
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