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Atomistic insights into the structure and elasticity
of densified 45S5 bioactive glasses

Youssef Ouldhnini, †a Achraf Atila, †*b Said Ouaskitc and
Abdellatif Hasnaoui a

Glasses have applications in regenerative medicine due to their bioactivity, enabling interactions with

hard and soft tissues. Soda-lime phosphosilicate glasses, such as 45S5, represent a model system of

bioactive glasses. Regardless of their importance as bioactive materials, the relationship between the

structure, density, and cooling process has not been studied in detail. This hinders further development

of glasses as biomaterials. We used molecular dynamics simulations to study the elastic and structural

properties of densified 45S5 bioactive glass and liquids over a wide range of densities. We performed a

systematic analysis of the glass structure to density relationship to correlate the change in the properties

with the structural change to enhance the mechanical properties of bioactive glasses while preserving

their bioactive nature. The results show that the glass structure tends to be repolymerized, as indicated

by increased network connectivity and a tetrahedral to octahedral polyhedral transition. We were able to

tailor the elastic properties while keeping the bioactivity of the glass. The results presented here will

provide some guidance to develop bioactive glasses with enhanced mechanical properties.

1 Introduction

The daily activities of humans can be disrupted due to fractures,
bone tumours, degenerative cartilage disorders, and period-
ontal diseases. In this regard, many materials were developed
with the potential to replace bone and joint tissue,1–3 and enter
in the therapeutic methods of these pathological symptoms.
Among these materials, metal-based materials, such as aluminum,
zirconium, and titanium, were shown to be useful as an implant in
orthopedic surgery to manufacture prostheses, plates, and other
components. These metal-based bioactive materials are known to
have a lifetime of around twenty years, and with the increase of the
human lifespan, this causes problems if they are damaged before
the patient dies, which is a common problem, especially in
osteology.4–6 Hence, developing new biomaterials that satisfy our
needs is required.

Bioactive glasses have been shown to be an excellent repla-
cement for metallic bioactive materials. Their biocompatibility
with the human body makes them qualified for restorative and

regenerative biomedical applications such as orthopedic,
dental, maxillofacial implants, and tissue engineering.7 The
first bioactive glass was made in the late 1960s by Hench et al.,
which was a soda-lime phosphosilicate glass named 45S5. The
45S5 bioactive glass represents a reference in the field of materials
for biomedicine. This is due to its excellent biocompatibility with
the human body and the absence of an inflammatory response or
side effect as well as its ability to form strong bonds with hard and
soft tissues, and it facilitates healing and regeneration of injured
tissue, especially bones.6,8,9 The 45S5 bioactive glass is specifically
composed of a SiO2–CaO–Na2O–P2O5 system (46.1 mol%, SiO2

26.9 mol% CaO, 24.4 mol% Na2O and 2.6 mol% P2O5),10 and
can be an osteoconductive and osteoinductive material as it
allows for new bone growth along the bone-implant interface.11

Furthermore, it is known to establish a strong interface with
tissues through chemical reactions. Also, it produces a partial
dissolution on its surface, leading to the formation of a phospho-
calcium layer.8,9 The phosphocalcium layer eventually crystallizes
into a hydroxy-carbonate apatite (HCA), which has a similar
composition to biological hydroxyapatite, the first mineral phase
of bones, dental enamel, and dentin.

The bioactivity of these materials is often measured in terms
of the rate and ability of HCA crystallization.12–15 This rate is
strongly dependent on the composition and the preparation
conditions of the glass.16–18 The HCA crystallizes very rapidly on
the 45S5 bioactive glass surface, mainly due to the low silicate
content (45 mol%). It is also worth stressing that when the silica
content increases, the bioactivity decreases significantly, which is
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due to the increase in the network polymerization that hinders
the HCA crystallization.19 Moreover, the bioactivity can be asso-
ciated just with the bone-bonding realization ability of a bio-
material. This behaviour could indicate the material’s capability
to be compatible with the body.20 Precisely, the bonding with
bones and tissue regeneration ability depends on the ion release
rate of soluble species such as calcium, phosphorus, and silicon
from the implanted biomaterial glass.21

Several previously studied glasses showed high bioactivity
(e.g., 58S, S53P4, and 70S30C2)20,22–24 and highlighted the
effect of the glass composition on the bioactivity.25–27 Ideally,
a biomaterial should have both good chemical and mechanical
compatibilities with the biological environment where it will be
incorporated. Like other properties, mechanical properties are
fundamental to understanding how the material will resist the
daily loads it will be exposed to. One disadvantage of bioactive
glasses is their low mechanical properties (e.g., low strength
and fracture toughness). Consequently, the mechanical properties
of these glasses are not suitable for supporting stress and
load-bearing like natural bones. Preferably in clinical (e.g.,
dental) applications, the mechanical properties of a bioactive
glass implant should appropriately match the host tissue and
show strong binding to hard and soft tissues.28–35

Computer simulations, such as molecular dynamics (MD),
have become increasingly crucial to study the glass properties
such as diffusion and elastic properties and obtain atomic-scale
mechanisms by analyzing the structure at an atomic level.36–42

Earlier MD simulation studies on the density effect in sodium
silicate glass43 and vitreous silica44 showed structural repoly-
merization. Consequently, these structural changes affected
the glass properties. While the elastic moduli of crystalline
oxides increase (decrease) with pressure (temperature),45 the
elastic moduli of oxide glasses show different behaviours with
pressure (temperature), and depending on these behaviours,
can be seen as normal, anomalous, or intermediate glasses.
When the elastic properties increase (decrease) with increasing
(decreasing) pressure (temperature), the glass is seen as a
normal glass,46,47 anomalous glasses are characterized by
a negative (positive) correlation of the elastic moduli with
pressure (temperature),48 and intermediate glasses show an
elastic response that is independent of temperature and/or
pressure.45,49

In this paper, we used MD simulations to systematically
investigate the structural and elastic properties of densified
45S5 bioactive glasses. This enabled us to gain an overview of
the dependence of the elastic properties and bioactivity on the
density. We suggested that controlling the elasticity and bio-
activity of these glasses could be achieved by controlling the
cooling pressure, which broadens the usage of these bioactive
glasses in different implantation zones. The remainder of this
paper is arranged as follows: in Section 2 we briefly describe the
steps followed to obtain the glasses under different densities
and how we computed other properties. In Section 3 we present
the effect of density on the structural and elastic properties of
45S5 glasses. In Section 4 we discussed the results in terms of
bioactivity. Concluding remarks are given in Section 5.

2 Computational details

In this study, we used the potential developed by Pedone et al.50

that takes into account the oxidation state of atoms and have
interatomic potential energy of the form:

UðrijÞ ¼
zizje

2

r
þDij 1� e�aijðr�r0Þ

n o2

�1
� �

þ Cij

r12
(1)

where i and j stand for atoms (Si, O, P, Na, and Ca), r is the
distance between atoms i and j, and zi and zj are the effective
charges of the atoms i and j. Dij, aij, r0, and Cij are potential
parameters. The first term of the left-hand side in eqn (1)
describes the long-range electrostatic interaction between
atoms, the second one is a short-range Morse function, which
is usually used in modeling bonded interactions in covalent
systems, and the last term represents a repulsive contribution,
necessary to model the interaction at high temperatures and
pressures.50 This potential reproduces reasonably the structural,
elastic, and dynamical properties of a wide range of oxide glasses
and has good agreement with available experimental data as
mentioned in the literature.37,38,41,50–58 Potential parameters and
partial charges are given in ref. 50. All simulations were performed
using the LAMMPS code.59 Coulomb interactions were evaluated
by the Ewald summation method with a cutoff of 12.0 Å and a
relative error in forces of 10�5. The short-range interaction cutoff
was taken to be 5.5 Å. The simulations were run in the canonical
ensemble (NVT) using the Nosé–Hoover thermostat.60–62 The
equations of motion were solved using the velocity-Verlet algo-
rithm as implemented in LAMMPS with a timestep of 1 fs.
Periodic boundary conditions were applied in all directions to
avoid the edge effect.

We randomly placed 4275 atoms in a cubic simulation box
while ensuring that there are no overlapping atoms to reproduce
the 45S5 nominal molar composition (CaO)26.82–(Na2O)24.39–
(SiO2)46.3–(P2O5)2.44. The simulation box length was varied to
get different densities ranging from 2.32 g cm�3 to 5.71 g cm�3.
The system was equilibrated at a high temperature (4000 K) for
500 ps for each box length to reach the equilibrium liquid state.
The melt was then quenched to 300 K using a cooling rate of
1 K ps�1, and this very high cooling rate has already been used
in several MD studies.36,38,63 After quenching, the glass was
further equilibrated at 300 K in the NVT ensemble for 1.5 ns. All
the results presented in this paper are averaged over 500 config-
urations (over the last 500 ps of the NVT run) to get statistically
meaningful results. The room temperature experimental glass
density63 of 2.7 g cm�3 is obtained with L = 38.5 Å. The pressure
at this density is around P = �0.023 GPa, which is negligible,
and we can say that the potential used in this study gives a
realistic glass.

2.1 Elastic properties

In order to calculate the elastic properties, we refer to the
second derivative method.37 This method can be used to obtain
the stiffness matrix as well as the compliance matrix. Using a
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single-point energy calculation, the stiffness matrix elements
are obtained by:

Cij ¼
1

V

@2U

@ea@eb
(2)

For an isotropic cubic material, there is only two independent
parameters of the stiffness matrix (C11 and C44)37,50 and following
the Voigt convention, the bulk, shear and Young’s moduli can be
calculated from eqn (3)–(5) while the Poisson ratio is given by
eqn (6).

BVoigt ¼
1

9
ðC11 þ C22 þ C33 þ 2ðC12 þ C13 þ C23ÞÞ (3)

GVoigt ¼
1

15
ðC11 þ C22 þ C33 þ 3ðC44 þ C55 þ C66Þ

� C12 � C13 � C23Þ
(4)

E ¼ 9BG

3Bþ G
(5)

n ¼ E

2G
� 1 (6)

The obtained mechanical properties reported in this paper were
calculated using molecular statics through energy minimization.
The obtained glass structures at 300 K were subjected to an energy
minimization to the closest energy minimum in the potential energy
landscape using the conjugate gradient algorithm. The minimized
structures were deformed in each of the six directions in both
positive and negative directions, and the stress tensor was measured.

3 Results
3.1 Radial distribution functions

The total radial distribution function (RDF) at different densities
is shown in Fig. 1. As depicted in this figure, we noticed that the
total RDF’s first peak tends to shift to larger distances with
increasing density. As the density increases, the intensity of the
first peak decreases while it becomes broader compared to
the glasses with lower densities. Otherwise, the second peak of
the total RDF shifts to a lower distance and becomes broader.
It is also worth stressing that the first peak of the total RDF
corresponds to the P–O and Si–O pairs, while that of the other
pairs is mainly starting from distances larger than 2 Å (see
below). At lower densities, it is noticed that the total RDF’s first
minimum is almost equal to 0, while with increasing density, this
value tends to increase, which suggests a slight overlapping
between the first and second peaks. Compared to available
experimental results for the room temperature and ambient
pressure of 45S5 bioactive glass,64 the total RDF obtained by
our molecular dynamics simulation is in good agreement.

Fig. 2 depicts the Si/P–O pair distribution functions as a
function of the density at 300 K; these distributions show a
significant change during the density increase. At ambient glass
density, the shape of these pair distribution functions and the

Fig. 1 Total radial distribution function at 300 K obtained from our MD
simulations of 45S5 bioactive glass at different densities.

Fig. 2 Partial pair distribution functions at different densities of 45S5 bioactive glasses at 300 K. (a) Si–O and (b) P–O.
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peak positions are in excellent agreement with previously
reported results from MD simulations.65 The positions of the
first peaks in gSi–O(r) and gP–O(r) slightly decrease with increas-
ing density up to a density around 4 g cm�3. We observed
a sudden increase in the bond length at densities higher than
4 g cm�3 for both Si–O and P–O. A decrease follows this jump in
these bond lengths (see Fig. 3).

Fig. 4 displays changes in the Na–O and Ca–O pair distribu-
tion function with increasing density. The first peaks for the
Na–O Ca–O pairs continuously decrease with increasing den-
sity. At a density of 2.32 g cm�3, the nearest-neighbor Na–O and
Ca–O separations are 2.36 Å and 2.379 Å, respectively. When the
glass density increases and reaches 5.55 g cm�3, these peak
positions decrease to 1.929 Å and 2.133 Å, respectively, as
shown in Fig. 5. Additionally, the Na–O bond length decreased
with a rate higher than that of the Ca–O bond.

3.2 Coordination numbers

The evolution of the Si and P coordination numbers with
density are depicted in Fig. 6(a and b). These coordination

states can be found by counting the number of oxygens in the first
coordination shell, which is indicated by a sphere with a radius
corresponding to the first minimum in the pair distribution
function. With increasing density, the fraction of Si4 (silicon
tetrahedra) atoms remains constant up to a density around
3.5 g cm�3 where it starts to decrease. At the same density, the
fraction of Si5 (silicon pendahedra) atoms begins to increase and
reaches a maximum at a density close to 4.25 g cm�3 before a
continuous decrease as density increases. The fraction of Si6

(silicon octahedra) atoms increases significantly and continuously
from 3.5 g cm�3 to a maximum value at 5.71 g cm�3 and becomes
the dominant coordination state. The fraction of P4 (phosphorous
tetrahedra) atoms decreases sharply from 3.3 g cm�3 until it
disappears at a density around 4 g cm�3. The P5 reaches a
maximum at a density around 3.75 g cm�3 then continuously
decreases as density increases. The P6 fraction keeps increasing
with the density and becomes the only phosphorous coordination
state at the highest density studied here.

The oxygen species were identified based on the total
number of bonds to Si or P atoms. Therefore, O0, O1, O2, and

Fig. 3 Si–O and P–O mean bond lengths as a function of the density at 300 K
in the simulated 45S5 bioactive glass. Error bars are smaller than the symbol size.

Fig. 4 Partial pair distribution functions for different densities of 45S5 bioactive glasses at 300 K. (a) Na–O and (b) Ca–O.

Fig. 5 (a) Na–O and Ca–O bond lengths as a function of the 45S5
bioactive glass density at 300 K. Error bars are smaller than the symbol size.
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O3 indicate free oxygen (FO), nonbridging oxygen (NBO), brid-
ging oxygen (BO), and oxygen tricluster (TBO), which is oxygen
linked to three network former atoms. The distributions of
these oxygen species are shown in Fig. 6(c). The population of
NBO is dominant as expected from the composition of the
glass, and it is in good agreement with previous studies.64

Additionally, at a density around 3.5 g cm�3 the fraction of O2

atoms begins to increase while that of O1 decreases. Also, the

population of O2 atoms reaches a maximum at a density around
4.6 g cm�3 and decreases with further density increase. Moreover, at
a density around 4.5 g cm�3 the fraction of triclusters increases.

3.3 Bond angle distributions

We used the bond-angle distribution (BAD) to get quantitative
information about the bond angles (e.g., O–Si–O). Fig. 7(a and b)
display the distribution of O–Si–O and O–P–O bond angles for

Fig. 6 Coordination numbers and oxygen species as a function of the density.
(a) Si–O coordination numbers, (b) P–O coordination numbers, (c) oxygen
species, and (d) Qn distribution. Error bars are smaller than the symbol size.

Fig. 7 Bond angle distributions under densification obtained from MD
simulations at 300 K. (a) O–Si–O, (b) O–P–O, and (c) Si–O–Si.
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different densities. At low densities, the O–Si–O and O–P–O
BADs show only one well-defined peak, at an angle around
108.91, which is very close to the perfect tetrahedral angle
109.51. As the density increases, the peaks of the O–Si–O and
O–P–O BADs become broader and shift to lower angles around
yO–Si–O = 87.31 and yO–P–O = 89.11, respectively. Additionally,
smaller peaks closer to an angle of 1801 start to be observed.
Besides, the Si–O–Si bond angle distribution represents the
angle between two tetrahedra. In Fig. 7(c) at lower densities,
the Si–O–Si bond-angle distribution has a single peak centered
around 1491. With the density increase, the peak decreases to an
angle around 871. Fig. 8 depicts the evolution of the O–Si/P–O
angles with the density. The variation of the mean bond angle of
these angles shows similar behavior. They both decrease slightly up
to densities around 3.6 g cm�3 where they decrease dramatically.
After that, the mean bond angle continues decreasing slightly.

3.4 Qn distribution

The medium-range structure and connectivity of the glass
structure are studied using the Qn distribution. The n indicates
the number of bridging oxygens in each silicon and/or phos-
phorous tetrahedra. Fig. 9(a) shows the evolution of the Qn

populations with density; at densities lower than 3.5 g cm�3

there are small fluctuations in the population of these species.
At densities higher than 3.5 g cm�3, the Q0, Q1, Q2, and Q3

fractions start to decrease, while there is an increase in Q5,
which reaches a maximum at 5.25 g cm�3. The Q6 population
starts to grow up from 3.75 g cm�3.

The network connectivity (NC) is calculated using NC ¼
Pn
n¼1

4xn;

where xn is the fraction of the Qn (with n = 1, 2, 3, 4, 5, or 6). The NC
is the average number of BOs in Si and/or P’s first coordination
shell. For the 45S5 glass, it is known that the NC is 2, which is
consistent with the calculated value in our study, as can be seen in
Fig. 9(b). The NC is constant and equal to two up to densities
around 3.5 g cm�3. With further increase of the density, the NC
keeps increasing, and at densities larger than 4.5 g cm�3 it shows a
plateau at a value around NC = 5.

3.5 Elastic properties

Fig. 10 displays the evolution of the Young, bulk, and shear
moduli with density. When the density increases, we see that
there is an increase in the elastic moduli. This behavior of the
elastic moduli is consistent with previous studies of other
glasses.66 The rate of this increase is low, up to 2.75 g cm�3

Fig. 8 O–Si–O and O–P–O angles at the maximum intensity of the BAD
as a function of the density. Error bars are smaller than the symbol size.

Fig. 9 (a) Qn distribution and (b) network connectivity as a function of the
density. Error bars are smaller than the symbol size.

Fig. 10 Elastic moduli as a function of the density.
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for both the Young and bulk moduli; the bulk modulus showing
a more significant increase with density. It increases from
22 GPa in the glass with the lowest density to 787 GPa in the
glass with the highest density. The young modulus increases
from 55 GPa for the lowest density of the 45S5 glass to 488 GPa
for the glass with the highest density. Also, the shear modulus
increased but slower compared to the bulk and Young’s moduli.

4 Discussion

In the 45S5 glass simulated in this study, we observed a
tetrahedral to octahedral transition as indicated by the sudden
change in the Si/P–O bond lengths and the O–Si/P–O bond
angles as the density increases. First of all, the initial decrease
of the bond length is due to decreased SiO4 and PO4 tetrahedra
size. The constant coordination numbers of Si and P atoms in
the same density range support this fact. Moreover, the O–Si/
P–O angles are also a further indication that there is shrinking
of the tetrahedra’s size in the same density regions. Secondly,
the transition regime is characterized by a sudden increase
of the Si/P–O bond lengths accompanied by a smoother
change in the Si and P coordination numbers indicated by
the coexistence of Sin and Pn (n = 4, 5, 6). The sudden drop in
the O–Si/P–O angles to values around 901, which is the char-
acteristic angle of an octahedron, occurs in the same density
region. An additional signature for this transition is seen from
the increasing peak at 1801, which appears for larger densities.
These findings were also observed in previous simulations and
experiments of silicate glasses.67–70

If we focus on the glass modifiers (Na and Ca), we only
observe a continuous decrease in the Na/Ca–O bond lengths
with increasing density. The rate of this decrease is higher for
Na–O than Ca–O bond lengths. The decrease of the Na–O bond
distance with pressure has also been observed in experiments
using nuclear magnetic resonance by Lee71 and previous MD
simulations.43 The difference in the decreasing rate between
Na–O and Ca–O bonds is explained by the fact that the field
strength of the Na–O bond is lower than that of the Ca–O

bond.37 The field strength (field strength ¼ zC

ðrC þ rOÞ2
; where zC

is the cation valence, rC is the cation radius, and rO is the
oxygen radius) indicates the degree of covalency of the bonds;
higher field strength means higher covalency of the bond
(higher bond strength and more directionality). Based on this
definition, it is evident that Na–O bonds are more sensitive to
pressure and will show greater change compared to that of the
Ca–O bond. Similar behaviour was reported experimentally in
modified silicate68 and aluminosilicate72,73 glasses and melts
under pressure.

The oxygen species were also affected by the density change.
The change of the oxygen population can be divided into three
regimes: (I) in the range of density less than 3 g cm�3, the
fractions of all oxygen types are constant, which is due to the
constant coordination numbers of both Si and P in that regime.
(II) For density ranging between 3 and 4.5 g cm�3, we observe a
decrease of the NBO population accompanied by an increase in

the BO population. (III) At densities larger than 4.5 g cm�3

there is an increase of oxygen triclusters at the expense of BO.
These oxygen population changes indicate a repolymerization
of the network by creating density-induced BO and TBO at the
expense of NBO. We want to stress that TBO atoms were found
in previous studies in other glasses.36,37

As stated before, the changes within the glass network can
also be seen through the Qn distribution. At ambient pressure
conditions, the Qn distribution usually depends on the glass
composition and can go from Q4 for the case of silica to Q0 for a
fully depolymerized glass. Moreover, for other glasses such as
ternary aluminosilicate glasses, Q5 and Q6 are found in smaller
amounts.36,37 The changes in the Qn are directly correlated with
the changes in the silicon, phosphorous, and oxygen coordination
numbers. The changes in the Qn distribution influence glass
properties, such as bioactivity and mechanical properties. At
ambient density (r = 2.7 g cm�3) there is a predominance of Q2

units, besides a significant amount of Q1 with some degree of
cross-linking provided by Q3 species and a negligible amount of Q4

and Q0. These findings are similar to what has been observed
experimentally by Raman spectroscopy and NMR spectroscopy74,75

and in good agreement with CPMD simulation obtained by
Tilocca et al.65 It was also shown experimentally that the 45S5
glass structure at ambient pressure and density is made of Q0,
Q2, and Q3 units.64

The bioactivity of melt-quenched bioactive glass depends on
the composition; as for the 45S5 glass, there is a high content of
modifiers, small phosphorus content, and a structure mainly
made of silicon atoms as a dominant network forming element.
In the literature, the silicate network’s polymerization degree is
seen as an important parameter to assess the bioactivity of
silicate glasses.8,9,76–79 This parameter can be calculated from
the structure obtained by MD simulations.80,81 The value of this
network connectivity should be less than 3 for an excellent
bioactive glass. The value of the network connectivity for the
45S5 bioactive glass is around 2. Thus, changing the density in
a way that leads to an increase of the elastic moduli while
keeping the network connectivity less than 3 is a promising way
to enhance the elasticity and mechanical properties of bioactive
glasses without losing their bioactive nature. The network con-
nectivity as calculated from our simulated glasses is consistent
with the experimental observations.80,81 As expected from the
changes in the Si, P, and O coordination numbers, the NC
increased with increasing density. The NC reaches a value of 3 at
a density around 4 g cm�3. We can consider glasses below this
threshold as bioactive ones, while those obtained for densities
larger than 4 g cm�3 as bio-inactive glasses. These observations are
consistent with previous in vitro studies that focused on changing
the glass network connectivity through composition design and
lead to similar conclusions.82–84 In addition to that, earlier experi-
mental studies on the pressure effect on the dissolution behaviour
and glass structure of phosphate and silicate-based glasses85

showed that hot compression affects the dissolution kinetics of
these glasses, which was correlated to an increase of the coordi-
nation and number of constraints of atoms.85 These findings
highlighted the importance of glass topology in controlling the
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dissolution kinetics85 and are in line with our conclusions and
further support our results. Moreover, it was shown previously
that an increase of the elastic moduli was positively correlated to
an increase in the network connectivity,36,86 and the Fnet, which is
a parameter that takes into account both structural and energetic
properties of the glass, showed that the network connectivity
increases with increasing Fnet.

39,86–89

This work aimed to enhance the mechanical properties of
the 45S5 glass while maintaining its bioactive nature. This was
achieved by increasing the density up to 4 g cm�3, which has
led to an increase of elastic moduli by more than 230% as
illustrated in Fig. 10, while the connectivity remained lower
than 3. The increase of the elastic moduli with increasing
density is due to the repolymerization of the structure and by
the change in the nature of bonding within the glass structure.
The Si and P atoms showed a tetrahedral to octahedral transition
along with an increase of the BO and TBO. These changes indeed
affect the bonding energies of the X–O bonds (X = Si, P, Na, or Ca).

The results suggest that the mechanical properties of bio-
active glasses can be enhanced by cooling the glass under
pressure. Our findings provide more insights into the relation-
ship between the thermodynamic condition used to prepare the
glass and its structural and mechanical properties. The
obtained bioactive glasses in this study can be used in a wide
range of densities depending on the required elastic moduli.
Having a bioactive glass that is mechanically compatible with
bones, such as a vertebral column, as in vivo applications, can
offer an alternative to bioactive ceramic A/W (cerabone), which
has a Young’s modulus of 118 GPa. The cerabone Young’s
modulus is higher than that of the 45S5 bioactive glass with
ambient pressure. However, the 45S5 bioactive glass with a density
around 3.45 g cm�3 shows a Young’s modulus of 115 GPa20,74 and
hence can be used for this replacement still with a good enough
biocompatibility suggested by a network connectivity less than 3
(see Fig. 9 and 10). More studies are needed to test our proposed
methodology quantitatively and to apply it to other bioactive
glasses. Moreover, the optimal density range provided in this
paper might change under experimental conditions and needs
to be confirmed.

5 Conclusions

In conclusion, we performed molecular dynamics simulations
to investigate the structure and properties of 45S5 glass with
various densities. A tetrahedral to octahedral transition for
both Si and P atoms was observed. The oxygen species showed
a significant change as indicated by a decrease of the NBO
fraction and an increase of the BO and TBO fractions with
increasing density. These changes indicate the repolymerization
of the network with increasing density. Additionally, the glass
network connectivity was affected by the density change, which
caused a change in the glass bioactivity. The novel aspect of our
simulations is the presence of a bioactive to bio-inactive transition,
which was ultimately linked to the tetrahedral to octahedral
transition and the glass network repolymerization. The increase

in the elastic moduli with increasing density supports our
hypothesis suggesting that the mechanical properties can be
enhanced by cooling the glass under pressure. A density range
where there is a significant increase in the elastic moduli while
the bioactivity is slightly affected was highlighted. Altogether the
results presented in this paper will deepen our understanding of
the effect of pressure and high-temperature densification on the
structure–bioactivity–elasticity in bioactive oxide glasses. The
insight given here will hold for all normal bioactive oxide glasses
and pave a new route towards the design of functional bioactive
glasses with controlled properties.
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77 Ö. H. Andersson and K. H. Karlsson, J. Non-Cryst. Solids,
1991, 129, 145–151.

78 C. Ohtsuki, T. Kokubo and T. Yamamuro, J. Non-Cryst.
Solids, 1992, 143, 84–92.

79 M. ODonnell, S. Watts, R. Hill and R. Law, J. Mater. Sci.:
Mater. Med., 2009, 20, 1611–1618.

80 Z. Strnad, Biomaterials, 1992, 13, 317–321.
81 R. Hill, J. Mater. Sci. Lett., 1996, 15, 1122–1125.

82 R. Mathew, B. Stevensson, A. Tilocca and M. Edén, J. Phys.
Chem. B, 2014, 118, 833–844.

83 I. Lebecq, F. Désanglois, A. Leriche and C. Follet-Houttemane,
J. Biomed. Mater. Res., Part A, 2007, 83A, 156–168.

84 M. Edén, J. Non-Cryst. Solids, 2011, 357, 1595–1602.
85 N. Mascaraque, M. Bauchy, J. L. G. Fierro, S. J. Rzoska,

M. Bockowski and M. M. Smedskjaer, J. Phys. Chem. B, 2017,
121, 9063–9072.

86 X. Lu and J. Du, J. Non-Cryst. Solids, 2020, 530, 119772.
87 G. Lusvardi, G. Malavasi, F. Tarsitano, L. Menabue,

M. Menziani and A. Pedone, J. Phys. Chem. B, 2009, 113,
10331–10338.

88 A. Pedone and M. C. Menziani, Molecular Dynamics Simula-
tions of Disordered Materials, Springer International Publish-
ing, 2015, pp. 113–135.

89 A. Pedone, X. Chen, R. G. Hill and N. Karpukhina, J. Phys.
Chem. B, 2018, 122, 2940–2948.

Paper PCCP




