Journal of Non-Crystalline Solids 581 (2022) 121416

ELSEVIER

Contents lists available at ScienceDirect
Journal of Non-Crystalline Solids

journal homepage: www.elsevier.com/locate/jnoncrysol

= JOURNAL OF
NON-CRYSTALLINE SOLIDS

Check for

Tracking the initial stage of bioactive layer formation on Si-Ca-Na-P oxide |

glasses by nanoindentation

Zsolt Kovacs ™, Margit Fabian ", Noémi Szasz ", Inna Székacs ”, Viktéria Kovacs Kis ™"

2 Department of Materials Physics, Institute of Physics, E6tvos Lorand University, H-1117 Budapest, Pazmany Péter st, 1/a, Hungary

b Centre for Energy Research, H-1121 Budapest, Konkoly-Thege Miklos u, 29-33, Hungary

ARTICLE INFO ABSTRACT

Keywords:

Bioactive glass
Simulated body fluid
Bioactive layer
Nanoindentation

Because of their excellent degradability and bioactivity in the human body, bioactive glasses of wide composi-
tional range are synthesized for regenerative medicine and therapeutic functions. In this paper, the bioactivity of
$i0,(45)Ca0(25)Nay0(30-x)P205(x) x = 0,1,3,5 glasses was tested in vitro by soaking for 30 min in simulated
body fluid. Bioactive surface layer formation after this short treatment was assessed by focused ion beam assisted

scanning electron microscopy and nanoindentation. Based on the nanoindentation tests, a novel method for
quantitative assessment of bioactive layer formation is presented. Connection between the mechanical properties
and glass network structure parameters is established up to the theoretical yield strength. It is demonstrated that
the ratio of hardness and Young’s modulus provides estimation of the structural evolution during simulated body
fluid treatments and thus, in the initial stage of bioactive layer formation, serves as a good parameter for

measuring the bioactivity.

1. Introduction

Bioactive glasses exhibit the ability of bonding to living tissue when
implanted into a living organism [1]. The first bioactive glass, Bioglass®
was developed for bone regeneration purposes [2-5], however, recently
several new glass compositions are designed for therapeutic functions e.
g. for tumor treatment [6,7] and wound healing [8], and bioactive glass
is also applied as a surface coating on metallic implants to improve their
biological performance [9]. Besides excellent degradability, another
advantage of bioactive glasses is the easy tuneability of composition,
which allows functionalization through controlled ion release, e.g. Co
and Mg doped bioactive glasses with the same network parameters, thus
same degradation rate as Bioglass®, was designed for promoting blood
vessel formation through cobalt release [8].

The initial assessment of the bioactivity of a newly formulated glass
composition is based on in vitro experiments: the glass is immersed in
simulated body fluid (SBF) under conditions similar to the physiological
ones [10,11] and the characteristic thickness and evolution time of the
HAp surface layer are monitored. Comparative studies support similar
time dependent development of the bioactive surface layer under in
vitro and in vivo conditions [12]. Details of the formation of these sur-
face layers are described in [13-16].

* Corresponding authors.

Bioactive glasses are built up from network former cations (i.e. Si and
P), which are linked by bridging oxygens (BO), and network modifiers (i.
e. Ca, Na), which break the continuity of the glass network by estab-
lishing bonds with the network formers via non-bridging oxygens
(NBO). Average number of BO atoms per network forming atoms [17,
18], or in other form, the network connectivity [19] was recommended
as a useful parameter when predicting bioactivity from nominal
composition. Later, supported by experimental evidences [20-24] and
molecular dynamical simulations [25], separate handling of the network
former Si and P atoms was proposed [26] and the average number of BO
per individual network formers (Si or P) was used to give a preliminary
estimation of bioactivity based on nominal composition. Thus, in the
case of Si-Ca-Na-P-O glasses, the silicate network connectivity can be
obtained, which provides better assessment of reactivity by taking into
account the preferential aggregation of network modifiers (e.g. Ca, Na)
in the environment of phosphorus. As for the role of phosphorus,
experimental studies [27] and theoretical considerations indicate that
minor doping of Si-Ca-Na-O glasses promotes bioactive layer formation,
however, if the phosphate is the major component, no reactivity in SBF
is measured.

Besides silicate network connectivity and phosphorus content, the
role of network modifier Na has to be also emphasized. Hydration of Si-
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Ca-Na oxide glasses is driven by the interdiffusion of H*/H30" and Na™*
[28], which leads to the formation of percolation channels [29], fast
migration pathways for ions during the later stages of bioactive layer
formation [30]. These parameters, namely the phosphorus and sodium
content, and the silicate network connectivity are used for initial opti-
miziation of bioactive glass composition [27,31-33], however, there are
experimental evidences indicating that excellent bioactivity can be
achieved in the case of sodium free glass composition as well [34].

In vitro bioactivity is generally estimated based on the qualitative
evaluation of X-ray diffraction, spectroscopic, or electron microscopic
data by revealing the appearance of the carbonated HAp layer in the
surface layer as proposed by [10]. Indeed, only a restricted number of
experimental works aim for the quantitative monitoring of either the
time evolution of the bioactive layer, or the absolute amount of the
developed calcium phosphate phase, or both [33,35,36]. In this study,
we report an alternative approach to the quantitative assessment of the
bioactive layer formation by using nanoindentation. Nanoindentation is
a surface testing method, sensitive to processes occurring in about the
upper pm? volume of the material. Nanoindentation has been used for
tracking surface degradation of metallic alloys induced by corrosion e.g.
[37], the effect of ion exchange [38], and hydration [39] on near-surface
mechanical properties in the case of silicate glasses, and also to follow
water-mediated processes on the surface of biological hard tissues like
dental enamel dissolution [40-42] and remineralization [43,44].

In the following, we demonstrate that the very initial stage of the
bioactive layer formation can be traced by nanoindentation testing.
Analysis of Young moduli and Vickers hardness values obtained before
and after SBF treatment as short as 30 mins, allows to establish a
quantitative relationship between composition and surface layer
formation.

2. Materials and methods
2.1. Samples and surface treatment

Compositional series of melt quenched SiO5(45)Ca0O(25)Naz0(30-x)
P,05(x), where x = 0,1,3,5 (in mol%) glasses [45], shortly referred
hereafter as S45Px, x = 0,1,3,5, has been subjected to in vitro bioactivity
test, according to the protocol [10]. The volume of SBF (V in ml) used
for the bioactivity test was set according to the relation Vy/S, = 10,
where S, is the surface area of the sample in mm? [10]. The bioactivity
test was performed in an incubator at 37 °C, the partial pressure of COy
was set to 0.05 atm [11], in agreement with human serum conditions.
The glass samples were kept in the SBF for 30 min and after were rinsed
with distilled water, tapped, and let to dry completely at room
temperature.

2.2. Imaging

Imaging of the surface was performed using a Zeiss Axio Imager M2m
optical microscope with in axis illumination and in secondary electron
(SE) and back scattered electron (BSE) modes of an FEI Scios 2 Dual-
Beam system scanning electron microscope (SEM). To avoid charging in
the SEM and thus ensure mechanical stability, a thin amorphous carbon
layer was deposited onto the sample surface. The composition of the
surface layers was determined by energy dispersive spectroscopy (EDS)
within the SEM. To reveal the cross-section of the surface layers formed
during the immersion of the glasses into the SBF and study the pene-
tration depth of the solution as well as the related compositional
changes, ca. 5-10 pm x 10-30 pm sized and approximately 6-12 ym
deep trenches were cut perpendicular to the sample surface using the
focused ion beam gun (FIB) of the dual beam system. To protect the
sample surface during FIB milling of the trench, the milling was pre-
ceded by the deposition of a 2 um thick Pt protective layer onto the
surface using 2 kV electrons and subsequently, 30 kV Ga-ions. Imaging
of the surface of the trenches was performed in the same SEM by tilting
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the sample to 45 deg from the normal vector of the surface. The effect of
tilting was compensated in the corresponding SEM images.

2.3. X-ray diffraction

X-ray diffraction (XRD) pattern were acquired from the surfaces of
the S45Px (x = 0,1,3,5) samples after SBF treatment by using a RIGAKU
SmartLab diffractometer in 6—26 geometry with Cu-Ka X-ray radiation.
The information volume of the XRD measurements was approximately
0.25 cm? area x 10 pm depth.

2.4. Nanoindentation

Nanoindentation tests were performed on the flat surfaces of the
untreated and the SBF treated samples using an UMIS nanoindentation
device with Vickers indenter by applying a maximum load of 50 mN at a
loading rate of 0.5 mN/s. 160 measurements were performed on each
sample in a 4 x 40 matrix with 40 pm separation between the neigh-
boring indents. The Vickers hardness (HV) and the Young’s modulus (E)
from each test were determined by the Oliver-Pharr method [46].

3. Results

3.1. Morphological, structural and compositional changes on the SBF
treated surface

Short, 30 min SBF treatment produced a surface layer along all the
samples. After taking out the samples from the aqueous solution, they
were air-dried. Drying leads to the loss of some already incorporated,
but loosely bonded water species, which induced shrinking of the sur-
face layer. Thus, all samples exhibit in-layer tensile stresses and certain
degree of surface fracturing as shown by the optical micrographs of the
treated surfaces in Fig. 1. Additionally, micrometer-sized patches were
also seen on the surface of samples S45Px (x = 0,1,3), which, according
to SEM images, have irregular or spherical morphology (indicated by P
for “patches” on Fig. 1c). In the case of sample S45P5, heterogeneous
morphological elements from the sub-micrometer to ten-micrometer
scale were observed on the strongly fractured surface. Typically the
30 min SBF treatments are too short to analyze the bioactivity of the
glass samples, therefore the same compositions were also treated for up
to 21 days. For reference, see the SEM images of the altered surface
layers of phosphorus containing S45Px (x = 1,3,5) glasses after 21 days
of SBF soaking in our recently published work [45].

To assess the structural changes caused by SBF treatment, XRD pat-
terns have been acquired from the surfaces of S45Px (x = 0,1,3,5)
samples. Fig. 2 shows these XRD patterns and indicates that the surface
layer has a dominant amorphous character, represented by a broad
diffraction peak. Occasionally, the appearance of the 002 reflection also
indicates the formation of minor amount of hydroxylapatite. Here we
note, that soaking the same bioactive glasses for longer period (21 days)
in SBF resulted in well defined Bragg peaks of OH-apatite for the S45P3
and S45P5 samples (not shown here).

To study the penetration depth of the SBF solution and to get a
measure of the reaction volume, SEM images in BSE mode were captured
on the side-walls of the FIB milled trenches as seen by the schematic
image in Fig. 3. The SEM images, which feature the cross-section of the
surface layer formed during the SBF treatment, are shown also in Fig. 3.
In the S45P0, S45P1, and S45P3 samples, the surface layer consists of a
top part with visible ~30-40 nm voids and a thicker (approx. 2 - 3 pm
thick) bottom layer with altered composition, as indicated by contrast
change in the BSE images with depth. In the case of the S45P0 sample,
the BSE image indicates two zones inside the layer of altered composi-
tion. On contrary, the layer with altered composition is thicker in the
S45P5 sample (approx. 4.5 pm thick) and, based on BSE contrast, two
zones, an upper one of 1.2 pm and a lower one of 3.3 pm thickness can be
recognized. The boundary between the two zones exhibits intensive
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Fig. 1. Optical (a) and (b), and SEM secondary electron (c) images of the bioactive glass samples after 30 min SBF treatment. Irregular or spherical-shaped patches
enriched in Ca are indicated by P, flat area with depleted silica composition is indicated by S.
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Fig. 2. XRD patterns of the SBF-treated S45Px (x = 0,1,3,5) samples.

cracking (Fig. 3).

3.2. Mechanical characterization of untreated and SBF treated glass
surfaces

Mechanical characterization of the surface layers produced during
SBF treatment was carried out by a large number of nanoindentation

tests. Fig. 4 shows typical nanoindentation curves for each untreated and
treated sample. As seen, the surface treatment increases substantially
the indentation depth in all four glass samples. Especially the SBF-
treated S45P5 sample shows a large reduction in its strength
(increased indentation depth) and a sectioning of the indentation curve.
This latter indicates abrupt surface fracturing or movements of debris of
the surface layer during loading of the indenter in agreement with SEM
images of the surface of S45P5 sample in Figs. 1 and 3.

Fig. 5 shows the distributions of the hardness and Young’s modulus
data obtained from the maximum indentation depth and from the
(positive) slope of the nanoindentation tests for the various untreated
and treated samples, respectively. The hardness of the untreated samples
increases with PO4 content up to 3 mol% P50s concentration and no
further increase was observed for the S45P5 sample. The frequency
distributions for S45P0, S45P1, and S45P3 glasses exhibit Gaussian
shape with well separated maxima, while the HV frequency distribution
of the 5 mol% P50s5 sample overlaps with that of the 3 mol% sample
(Fig. 5a). Nanoindentation tests after 30 min SBF treatment indicate a
severe decrease of the hardness for all samples as seen in Fig. 5b. The
frequency distributions of the individual HV measurements of S45P0,
S45P1, and S45P3 glasses overlap practically and also exhibit maxima,
while the hardness of the S45P5 dropped severely and the HV distri-
bution has a changed decaying shape. Significantly longer SBF soaking
for the same samples leaded to the formation of excessively brittle sur-
face layers, which were pealed off during the drying procedure.
Initialization of the pealing off can be observed in the S45P5 sample
even after 30 min soaking. This behavior limits the characterization of
the dried surface by nanoindentation tests to the very early stages of
bioactive layer formation.
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Fig. 3. Back-scattered electron SEM images of the cross-sections of SBF treated surfaces of the S45P0, S45P1, S45P3, and S45P5 samples.
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Fig. 4. Typical load-indentation depth curves before and after SBF treatment.
4. Discussion
4.1. Quantitative description of network glasses

Based on theoretical considerations, all compositions of the present
study are expected to be bioactive. Composition and network parame-
ters of the base, phosphorus-free S45P0 sample are close to the ternary
glass composition classified as “highly bioactive” by Lebecq et al. [27].
Addition of phosphorus enhances bioactivity by increasing the molar
ratio np/ng;. Therefore, the composition of the phosphorus doped glasses
was designed by varying the molar ratio of ny,/nsi and np/ng;, the two
important parameters which allows a quantitative assessment of
bioactivity [26]. These parameters, together with the silicate network
connectivity, N(BO)g;, which is related to the polymerization degree of
the silicate network, for the studied glasses and some reference com-
positions from literature are listed in Table 1. N(BO)g; silicate network
connectivity is calculated by assuming a coordination number equal to 4
for phosphorus atoms, and that all phosphorus are coordinated only by
NBOs [26].

4.2. Compositional and structural changes in the SBF treated surface
layer

SBF treatment produces an altered surface layer with a thickness in
order of micrometer on the top of each investigated S45Px (x = 0,1,3,5)
glass sample (Fig. 3). The interface between the surface layer and the
bulk glass can be visualized by plotting the intensity profile of the SEM
BSE images as a function of the distance from the surface (see Fig. 6).

These curves show an approximate Z-contrast, therefore concentration
transients (which are typical at the boundary of two coexisting phases or
temporal decomposition of the multicomponent glass) become visible at
the interface as indicated by dashed lines in Fig. 6. Although the BSE
intensity vs. distance curves exhibit some curvature due to the gradually
changing imaging parameters, the transients clearly indicate local con-
centration gradients and, so, locally increased diffusional currents of
elements with larger average Z parameter from the — to the + sides of the
boundary. Based on local EDS measurements on the side walls of the
trenches, the altered layers become Ca and Na depleted, which indicates
that the network modifier cations have migrated out and phosphorous
migrated into the glass structure from the solution.

Taking into consideration the characteristic penetration depth of
XRD to the lateral dimension of the surface layers (Fig. 3), and the results
of the diffraction experiments performed on the as-quenched glasses
[45] we claim that the source of halos in the XRD spectra (Fig. 2 up to 40
deg 2theta) is mainly the altered surface layer at the top of the samples
and the change of the amorphous structure is related to the depletion of
the glass indicated by BSE images. Thus, the obtained hardness and
modulus data, due to the characteristic ~1 pm indentation depths,
provide information from the compositionally and structurally altered
surface layers formed during SBF treatment.

4.3. Concentration and glass network parameter dependence of
mechanical characteristics

To visualize the concentration dependence of the mechanical pa-
rameters, the average of both the HV and E values of each sample were
calculated and plotted in Fig. 7a and b as a function of phosphorus
content. Each average hardness value was calculated from 160 tests,
while the average E values were obtained typically from less measure-
ments, due to the difficulty to fit a positive slope linear function to the
unloading part of the load-depth curves in some cases. The number of
these tests with a negative slope were 4, 2, 3, and 83 for the treated
S45Px (x = 0,1,3,5) glass samples respectively, and was 0 in the un-
treated samples. The large number of small HV values of the negative
slope tests produce the peak of the HV distribution for HV < 0.5 GPa in
S45P5 (see the inset of Fig. 5b). The separation of the positive and
negative slope measurements allowed to calculate two different average
HVs, one from all the measurements and another from the measure-
ments with only positive slope, for the treated samples. The average HVs
from tests with positive slopes are indicated as hollow symbols in Fig. 7a
and a visible difference between the two averages can only be seen for
the S45P5 sample.

Strengthening of the untreated bulk glasses with increasing phos-
phorus content is reflected by HV distribution data (Fig. 7a), however,
the Young’s modulus of the untreated samples decreases slightly from
122+10 GPa to 102+9 GPa (Fig. 7b). It is well known that phosphorus
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Fig. 5. Hardness distributions (a) before and (b) after SBF treatment. The inset show the distributions of the treated sample in a close view. Young’s modulus

distributions (c) before and (d) after SBF treatment.

Table 1

Composition and network parameters of the studied glasses. For comparison, the same parameters are listed for Bioglass® [2] and some ternary glasses. (*in mole%,
**cation composition normalized to 100, ***composition data and bioactivity assessment from Lebecq et al. [27]).

SiO4 (%)* CaO (%)* Nay0 (%)* P20s5 (%)* ngi** Nca** Nna ** np** N(BO) for Si NiNa/Nsi Np/Ng; Bio-activity
S45P0 45 25 30 0 34.6 19.2 46.1 0.00 1.56 1.33 0.00
S45P1 45 25 29 1 34.6 19.2 44.6 1.54 1.73 1.29 0.04
S45P3 45 25 27 3 34.6 19.2 41.5 4.62 2.09 1.20 0.13
S45P5 45 25 25 5 34.6 19.2 38.4 7.69 2.44 1.11 0.22
Bioglass® 46.1 26.9 24.2 2.6 36.4 21.2 38.2 4.11 2.12 1.05 0.11
A2%** 45 31.5 23.5 0 37.4 26.2 39.1 0.00 1.56 1.04 0.00 lowest
B2*** 45 27.5 27.5 0 36.9 22.5 45.1 0.00 1.56 1.22 0.00 lowest
C2¥** 45 23.5 31.5 0 36.3 18.9 50.9 0.00 1.56 1.40 0.00 highest

dopant in silicate glasses has a key role in the bioactivity [13,15,47,48].
Also, a few mole percent of phosphorus alters significantly the bulk
Si-Ca-Na glass structure by creating Ca-(Na)-P clusters with PO4 nuclei
[20-23], and the number of nuclei increases with the overall phosphorus
content of the glass [45]. These clusters contribute to the strengthening
of the bulk network structure substantially by removing Ca from the
environment of the SiOyx polyhedra and thus reducing the number of
Si-O-Ca non-bridging oxygens [45].

In principle, the Young’s modulus depends on the average of the
bond strength, while the hardness of a sample is proportional to it’s
Young’s modulus and also depends on the limit of plasticity (i.e. yield
strain) of the sample. The plastic deformation in both crystalline and
glassy materials reflects the availability of shearable structural defects of
a given material.

Therefore, to separate the effects of these defects from the average
bond strength, the average of HV/E was also calculated for the treated
and untreated samples (Fig. 7c). In the case of the untreated glasses, the
increase of HV/E from S45Px, x = 0 to x = 3 indicates the key role of P in
the removal of structure defects. In solid materials, plastic deformation
may occur also without the presence of mobile/soft structural defects,
provided that the theoretical yield strength is reached. This occurs
approximately when the yield strain of the material become higher than
€yield > 0.02-0.03, where €yielq = GOyield/E ~ HV/(3E) and oyielq is the
yield stress [49].

Therefore, for comparison, the approximate yield strain was also
indicated in Fig. 7c. In silicate glasses, Si-O-Ca NBO sites comprise soft
environments which can be considered as defects in the glass structure,
as at these points the continuous network is broken by Ca and Na ions.



Z. Kovacs et al.

BSE intensity (a.u.)

distance from surface (.m)

Fig. 6. SEM BSE image intensity profile of the treated samples as a function of
the distance from the surface. The intensity curves were shifted to be equally
separated. Dashed lines with signs show position and direction of concentration
transients which indicate the boundary of surface layers.

As seen in Fig. 7c, the theoretical yield strength is reached for the S45P3
and S45P5 untreated glasses by the formation of Ca-(Na)-P clusters and
parallel removal of NBO sites. The accompanying structural change is
also visible in the N(BO)s; parameter, as it reaches N(BO)g; > 2 (Fig. 7d),
which indicates the formation of continuous -Si-O-Si- chains with
infinite chain length throughout the corresponding glass sample. On
contrary, the S45P0 and S45P1 untreated glasses are so called invert
glasses [18] i.e. they contain more non-bridging than bridging oxygens
(1 < N(BO)sj < 2) and thus they have shorter silicate chains (Fig. 7e).
Chain lengths were calculated as 2/(2-N(BO)sj) from the number of
bonding oxygen per Si atom. The number of strong interconnecting Si-O
bonds between the -Si-O-Si- chains, i.e. the silicate network connectivity
[26], increases with the N(BO)s; parameter, therefore, different shear
deformation related phenomena, such as glass transition and plastic
yielding, should correlate proportionally with the N(BO)s; and thus with
the bioactivity of the glasses. Accordingly, in agreement with the
Gibbs-DiMarzio equation [50], the glass transition temperature depends
linearly on the number of interconnections between the -Si-O-Si- chains
and, consequently, on the P content for the S45PX compositional series
(see results in [45]). On other hand, the HV/E ratio may also increase
proportionally with N(BO)s; (but only up to the theoretical yield
strength) as indicated by black squares in Fig. 7d. These results
emphasize the role of the silicate network connectivity in both shear
deformation-related phenomena and biological activity of the bioactive
glasses. Based on the N(BO)s; vs. HV/E relation of untreated samples,
HV/E ratio proved to be a good parameter to experimentally charac-
terize the N(BO)s; and the number of interconnections between the
-Si-O-Si- chains in the 1 < N(BO)s; < 2 range. Furthermore, the
approximate coincidence between N(BO)g; ~ 2 and the maximum of the
yield strength indicates that not only the presence of soft environments
determines plastic behavior and yield strength of a glass, as widely
accepted, but the soft atomic environments should separate the harder
regions (i.e. the interconnected -Si-O-Si- chains) to have an effect on
plastic deformation.

4.4. Quantitative description of the bioactive layer formation

Short, 30 min SBF treatments result in an approximately 30-90%
reduction of the HV and 20-50% reduction of the Young’s modulus of
the different S45PX samples. This indicates that SBF treatment and
subsequent drying of the samples reduce the average bond strength by
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cutting about 20-50% of the bonds of the initial glass structure, pre-
sumably by the formation of weaker Si-O-H bonds. HV/E ratio (see red
dots in Fig. 7d) provides a quantitative estimation of the structural
evolution and the accompanying change of the N(BO)g; for the treated
samples. Fig. 7f shows AN(BO)s;, the difference of the number of
bonding oxygens per Si atoms between the untreated and the treated
states as determined from the HV/E ratio of the treated samples. Inter-
estingly, this bioactivity parameter AN(BO)g;, exhibits a linear depen-
dence on P content amid the more complicated HV/E dependence from
which AN(BO)g; was derived, indicating a linear progression of bioactive
layer formation with P content. In theory, the proposed method may also
be capable to characterize in situ the structural evolution and bioactive
layer formation in the initial transformation stage using nano-
indentation tests. The initial stage of bioactive layer formation in
bioactive glasses is related to the kinetics of ion diffusion into the solid
glass matrix. The optimal values of 2.0 < N(BO)s; < 2.6, 0.8 < nya/ns;
<1.2 [26] imply that at least two characteristics of the glass structure
have a strong effect on the bioactivity, namely, the silicate network
connectivity and its connection to Na ions via NBOs. Altogether these
two structural parameters maximize the soft/reactive atomic environ-
ments of the -Si-O-Si- network, which act as an internal reactive surface
having a key role in the diffusion process and so, in the bioactive layer
formation.

5. Conclusions

Initial period of bioactive layer formation was investigated in a
Si02(45)Ca0(25)Na0(30-x)P205(x), x = 0,1,3,5 compositional series.
The glass samples prepared by melt quenching were immersed into
simulated body fluid (SBF) for 30 min. Scanning electron microscopy
and X-ray diffraction measurements indicated structural changes in the
surface layer with 2-4 pm thickness. Hardness (HV) and Youngs’s (E)
modulus of the surface layer were characterized by nanoindentation
before and after SBF treatment performing a large number of indenta-
tion tests.

The dependence of the mechanical parameters on phosphorus con-
centration was explained in terms of network structure parameters of
the glasses. Change of the E and the HV/E ratio was discussed and the
characteristics related to chemical bonding and plastic deformation
were separated, accordingly. Variation of the P content in the untreated
glasses resulted in minor change in the Young’s modulus. At the same
time, severe P content dependent increase in the HV/E ratio was
observed up to about 2-3 mol% concentration. At this composition N
(BO)si =~ 2, which indicates that continuous -Si-O-Si- chains become
interconnected in the glass. In parallel, the theoretical yield strength
(HV/E ~ 0.06 - 0.09), which is a general strength limit for solid mate-
rials, is reached at the same composition. This coincidence indicates that
(i) besides the amount of soft structural defects (Si-O-Ca/Na NBO sites),
the formation of a strong continuous Si-O-Si network has a key role on
the plastic behavior, and (ii) the HV/E ratio is a good parameter for
quantitative characterization of the network structure through the -Si-O-
Si- chains length in the 1 < N(BO)s; < 2 range (up to the theoretical yield
strength).

These considerations were applied to describe quantitatively the
formation of the altered layers after SBF treatment as a function of the
initial glass composition. Bioactive glass samples immersed into SBF
showed a reduction of both the E modulus and the HV/E ratio. Quan-
titative estimation of the structural evolution during SBF treatment was
provided by the HV/E ratio which also serves as an alternative measure
of bioactivity of the glasses in the very early stage of the reaction.
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