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Abstract

Vickers and Knoop indentation techniques and density measurements have been employed to study the structure of two
series of glasses in the system Ca0-RO-Si0,-P,0,—CaF, (R = Sr, Ca, Mg) with: (2) constant alkaline earth oxide content,
but using different cations (Ca, Ca+ Sr, Ca+Mg), and (b) increasing alkaline earth concentration (Mg and /or Ca).
Samples have been prepared by melting the raw materials at 1400°C, and pouring the liquid on a steel plate. From the
experimental data, microhardness, Hy, fracture toughness, K, and values for mean atomic volume, V,, and ionic volume
fraction, Vg, were obtained. The last parameter is proposed as a suitable one for the analysis of variations in cationic
coordination numbers, 7. The results show that Mg, Ca and Sr have similar values of #. The value of 1 is proposed to be

six.

1. Introduction

Since the first studies by Hench et al. [1], several
bioactive glass and glass-ceramic materials have been
developed [2,3] and used as implants for bone re-
placement [2-4]. Among the most successful materi-
als are the glasses of the system Ca0-MgO-Si0,~
P,0;—~CaF,, from which Kokubo et al. [5] obtained
the apatite~wollastonite glass-ceramic Cerabone™.,
Although bioactivity of glasses depends on both their
chemical composition and structure, to our knowl-
edge few studies have dealt with the latter aspect.

* Corresponding author. Tel: +54-23 821 291. Telefax: +54-23
820 071.

Structural information about these glasses was
obtained from Fourier transform infrared (FTIR),
Raman and *'P and *Si nuclear magnetic resonance
(NMR) spectroscopic analyses [6]. The results
showed that both P and Si are only present in
four-coordinated sites. Phosphorus is located in
(PO,)*~ monomeric units, i.e., in an orthophosphate
environment, surrounded by a silicate matrix com-
posed of different Si-containing structiral units hav-
ing one, two and three non-bridging oxygens per
SiO, tetrahedra. These techniques provided informa-
tion about Si and P covalent bonds and local envi-
ronment, but they were not useful for the local order
analysis of the alkaline-earth cations Ca®*, Sr2* and
Mg?*, which represent at least half of the total
amount of cations present in these glasses.

0022-3093 /95 /$09.50 © 1995 Elsevier Science B.V. All rights reserved

SSDI 0022-3093(95)00306-1



312 P.G. Galliano et al. / Journal of Non-Crystalline Solids 191 (1995) 311-320

As a consequence, other techniques need to be
used to complement the spectroscopic data. Among
them, density measurements have been widely used
to study the effects of composition on glass structure.
These measurements are usually employed to control
the homogeneity of the glass, but the value of den-
sity itself is not a useful structural parameter. On the
contrary, the determination of molar volume, mean
atomic volume and oxygen molar volume from den-
sity data can provide information on different aspects
of the glass structure, such as changes in coordina-
tion numbers, r, and degree of anionic packing and
deformation [7-9].

Glass structure can also be studied by indentation
methods [9,10]. As these measurements are per-
formed on many different points of the surface, the
obtained results (microhardness, H; elastic modu-
lus, E; fracture toughness, K;.) are not strongly
affected by local defects or heterogeneities. These
properties are strongly dependent on several parame-
ters [7-9], i.e., the degree of structural stiffness,
coordination numbers, bond strength, elastic modu-
lus and fracture energy, v. For that reason, indenta-
tion methods can provide, from a physical stand-
point, useful information about structural aspects of
the glass.

All of these techniques have been widely em-
ployed in the analysis of soda-lime-like [7,11] and
phosphate glasses [9,10] but, to our knowledge, very
few rtesults about alkaline earth silicate and sili-
cophosphate glasses (i.e., alkali-free glasses) with
high modifier cation contents have been reported. In
this work, density, mean atomic volume, V,, ionic

volume fraction, Vg, Hy and K values (the two
last ones obtained from indentation methods) of two
series of glasses in the system CaO-RO-SiO,~
P,0,~CaF, (R =Sr, Ca, Mg) have been obtained.
The results have been interpreted in terms of struc-
tural aspects of the glasses, such as the cationic
coordination number, and related to previous results
obtained from spectroscopic techniques. All these
samples showed the ability of developing a Ca- and
P-rich surface layer after soaking them in simulated
body fluid [12], a phenomenon which was reported
to be directly correlated to in vivo bioactivity [3].
Although biocompatibility of a Sr-containing sample
is unlikely, Sr (an element which has been widely
used to trace the pathway of Ca in the body) was
included in one of the samples in order to contribute,
in a comparative way, to the study of the local
structure of Ca and Mg (the two most widely em-
ployed alkaline earth cations in bioactive systems).
The analysis of the local order of both cations is the
main aim of this work.

2. Experimental

Two series of samples were prepared:

(A) with constant alkaline earth oxide content, but
using different cations (Ca, Ca + Sr, Ca + Mg);

(B) with increasing alkaline earth concentration
by additions of MgO to sample 1. The Si/P molar
ratio (2.48) was maintained constant in all the sam-
ples.

Table 1

Batch composition of the glasses used in this study (mol%)

Sample Ca0 MgO S10 Si0, P,0, RO F/0(x1073)
Series A

A0 47.01 7.15 - 38.15 7.69 54.16 5
1 54.16 - - 38.15 7.69 54.16 5
A2 47.01 - 7.15 38.15 7.69 54.16 S
Series B

1 54.16 - - 38.15 7.69 54.16 S
B3 50.29 7.15 - 3542 7.15 57.44 5
B4 46.79 13.61 - 32.96 6.64 60.40 5
BS 40.78 25.36 - 28.18 5.68 66.14 5
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Raw materials (MgO, CaCO,, SrCO,, quartz,
H;PO, and fluorite) were mixed in the desired pro-
portions, melted at 1400°C for 240 min and quenched
by pouring on a steel plate. The compositions of the
glasses are given in Table 1.

The glass samples were annealed at 650°C, cut
and polished with diamond paste (2.5 pwm) and
ethanol, in order to avoid chemical attack by water
(FTIR specular reflectance spectra of the samples did
not change after polishing). Then, the samples were
again annealed (5 h at 650°C) to relieve the stresses
produced during polishing. The crystallization phe-
nomenon was detected only at temperatures higher
than 730°C [13].

The density of the samples was measured by the
Archimedes method. Bulk samples were weighed at
37°C in air and also immersed in kerosene. From the
density data, oxygen molar volume, V,, V, and V;
of each sample were calculated. The experimental
error of these data (Figs. 1-3) is indicated by the
size of the symbols (in the case of Hy and K. data,
the experimental error is represented by the length of
the bar, as is shown in Figs. 4 and 5).

In order to obtain the values of Hy and K|, the
polished surfaces were indented with loadings of 300
and 1000 g for 15 s using Vickers and Knoop
indenters in a microhardness tester. At least 10 points
were tested for each sample datapoint. Mean values
of H, were plotted, the experimental error being
< #0.25 GPa. Crack patterns were observed around
the Vickers indentations for both loadings.

K values obtained by the indentation fracture
method were calculated from the average value of ¢
using the equation proposed by Anstis et al. [14],
with loadings of 1000 g:

Ky =0.016( E/H,)"*Pc=3/2, (1)

where P is the load, ¢ is the crack length, E is
Young’s modulus and H-, is Vickers hardness.

The value of E/H, was estimated from the
measurement of the diagonals of the Knoop indenta-
tion, using the criterion proposed by Marshall et al.
[15].

The results of series A are plotted against the
mean cationic radius, r,, (Figs. 1(a), 2(a), 3(a), 4(a)
and 5(a)), calculated from ionic radius data [7]. The
obtained values were 0,708, 0.727 and 0.741 A for
samples A0, 1 and A2 respectively.

3. Results

Figs. 1(a) and (b) show an increase in density
with mean cationic radius (series A) and with RO
content (series B). From these data, molar and mean
atomic volumes could be obtained. Molar volumes
are meaningless for this study, since the total number
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Fig, 1. (a) Density vs. mean cationic radius in series A. The error
is indicated by the size of the data symbols. (b) Density vs. RO
content (mol%) in series B. The error is indicated by the size of
the data symbols.
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of atoms per mole, in series B, is different in each
sample. Then, only mean atomic volumes were ob-
tained according to the formula

V=L, xA4,/8, (2)

where 8 is the measured density, x; is the molar
fraction of the atom i and A; is the atomic weight.
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Fig. 2. (a) Mean atomic volume, Vj, vs. mean cationic radius in
series A. The error is indicated by the size of the data symbols. (b)
Mean atomic volume, Vj, vs. RO content (mol%) in series B. The
error is indicated by the size of the data symbols.
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Fig. 3. (a) Ionic volume fraction, Vj, vs. mean cationic radius in
series A, The error is indicated by the size of the data symbols. (b)
Tonic volume fraction, Vi, vs. RO content (mol%) in series B. The
error is indicated by the size of the data symbols.

Mean atomic volumes, V,, are shown in Figs. 2(a)
and (b). In series A, V, increases with the mean
cationic radius and, in the case of series B, a diminu-
tion of V, with increasing RO content by MgO
additions was observed. In this last series, the in-
crease in RO content led to a decrease in the mean
cationic radius.
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Theoretical mean atomic volumes, Vi, have been
calculated using

Ve=1,(4/3)mrix,, (3)
where r; is the radius of the ion i and x; is the
molar fraction of the ion .

The ratio of the theoretical and experimental

atomic volumes was obtained for each sample. This
ratio is called ionic volume fraction, Vi, and pro-
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Fig. 4. (a) Vickers hardness number, Hv, vs. mean cationic radius
in series A. (b) Vickers hardness number, Hy, vs. RO content
(mol%) in series B.
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Fig. 5. (a) Fracture toughness, K¢y vs. mean cationic radius in
series A. (b) Fracture toughness, K¢, vs. RO content (mol%) in
series B. o ' o

vides an estimation of the degree of packing of the
ions in the glass (V is also defined in the literature
as the ratio between the theor:etical and experimental
molar volumes) [16]. We must point out that theoret-
ical mean atomic volumes are calculated from simple
geometrical considerations by using ionic radii data,
and do not take into account any structural variation
G.e., -coordination number change) which can affect
the density of the glass.
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The results of V; are plotted in Figs. 3(a) and (b),
and show no changes in this value within series A.
By conirast, an increase in Vp with increasing RO
can be observed in series B.

Fig. 4(a) shows the Vickers hardness numbers,
H,, of the samples of series A. No changes have
been observed in this series. On the other hand,
microhardness of the samples in series B (Fig. 4(b))
increases at higher alkaline earth contents, from 5.63
GPa for sample 1 to 5.89 GPa for sample B4 and
6.04 GPa for sample BS5. ‘

Results obtained from the Knoop indentation
measurements by using the criterion proposed by
Marshall et al. [15] showed that the values of E in
series B increase about 7% from sample 1 to BS, and
show no variation in series A. These data were
employed in the calculation of K.

In Figs. 5(a) and (b), the K- values obtained
from Eq. 1 are plotted. Fig. 5(a) shows that K.
values of samples A2 and B0 are about 24% lower
than that of sample 1. In series B, the difference
between the results from samples B4 and B5 was
negligible, but both of them have K. values signifi-
cantly lower (22%) than that of sample 1 (Fig. 5(b)).

4. Discussion
4.1. Density

In series A, both density (Fig. 1(a)) and mean
atomic volume (Fig. 2(a)) increase with mean cationic
radius. This means that the increase in density is due
to the greater atomic weight of Sr with respect to Ca
and Mg, in spite of the increase in V,, when going
from Mg (sample BO) to Sr (sample B2). By con-
trast, in series B, both the decrease in V, and the
increase in the mean atomic weight of the system
from sample 1 to BS contribute to the observed
increase in density (Fig. 1(b)).

4.2. Local order of Ca, Mg and Sr in alkaline-earth
silicates and phosphates

Recent results obtained by extended X-ray absorp-
tion fine structure, -neutron scattering and X-ray
diffraction [17,18] showed a coordination number of
six for Ca in

(a) a series of alkaline-earth silicate glasses, with
similar RO contents to those of the glasses studied in
this work, and

(b) polycrystalline wollastonite (CaSiO,), which
is one of the phases which results from the crystal-
lization of these glasses.

To our knowledge, there are no data about the
local environment of Sr and Mg in alkaline-earth
silicophosphate glasses and related systems. How-
ever, it is important to mention that Ca and Sr
usually present a complete solid solubility range in
crystalline alkaline-earth silicates [19] and phos-
phates [20]. This, together with the similitude in their
ionic radii, strongly suggest that the coordination
number of Ca, n,, and Sr, ng,, in these glasses must
be the same.

In the case of alkaline-earth phosphates, Ca, St
and Mg have been reported to be present in six-coor-
dinated sites, while Mg has been also reported to be
fourfold-coordinated. Ca and Sr also present octahe-
dral polyhedra around them in the structure of apatite
[21], a crystalline phase which was also obtained
from the devitrification of the glasses studied in this
work [13].

Taking all these reasons into account, we can
expect in our system one of the following possible
situations:

(a) ng, =ng > ny, (6, 6 and 4, respectively, is
the most likely configuration. However the system
might also present Ca and Sr in cubic sites, n =38,
and six-coordinated Mg);

(b) ng, = ng, =ny, (in this case, n must be 6).
Both possibilities are discussed in Sections 4.3.-4.5.

4.3. Mean atomic volume

Molar and mean atomic volume, V,, of glasses
have been reported to decrease with the coordination
numbers of the components of the system [7-10],
and to increase with their ionic radii [7-11].

Fig. 2(a) shows that V, increases almost linearly
with the cationic radius (series A), being the Mg-
containing sample (sample AQ) which has the small-
est volume. Higher values of V, are expected for the
samples containing low-coordination number cations
(low-coordination cations lead to less dense packing
than high-coordinated cations). At this point, it is
important to take into account that this result can be
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in agreement with any of the possible Mg coordina-
tion numbers: even if ny, were lower than nc,, the
percentage of replaced Ca (13%) is probably low
enough to justify an increase in the absolute value of
Vi

In series B, the addition of Mg results in a
diminution of the total content of Ca, P and Si, the
last two being four-coordinated cations (see Table 1).
In this case, a diminution of V, with increasing
MgO and RO content was observed (Fig. 2(b)).
However, the mean cationic radius increases from
sample 1 to BS. The observed result can be ex-
plained if the mean cationic coordination number
(the average of the coordination numbers of all the
cations in the system) is increasing from sample 1 to
BS5, although the mean cationic radius is also increas-
ing (0.0727 nm in sample 1, and 0.0742 nm in
sample B5). An increase in V, with r,, can be
explained if the mean cationic coordination number,
Mg, 18 also increasing in the same direction. An
increase in n can be only expected if ny, is

(2) higher than 7, and ng; (), > 4), and

(b) not lower than n,, which is in agreement
with the idea of a coordination number of 6 for both
Ca and Mg.

4.4. Ionic volume fraction

The values of V, which are already discussed are
affected by both the ionic radii of the cations and
their coordination numbers. In order to analyze the
local environment of the cations of these glasses,
another structural parameter is proposed to be stud-
ied: the ionic volume fraction, V. This parameter
results from the ratio between the experimental and
theoretical values of the mean atomic volume, and
can be considered a measure of the packing degree
of the glass structure [16] or of n,.

The calculated theoretical values of mean atomic
volumes, V7, are smaller than the experimental ones,
which were obtained from density measurements
(about 60% of these values). This is due to the quite
poor ionic packing condition of these glasses. For
example, it was observed [12] that the density of
sample B3 after being partially crystallized into an
apatite—wollastonite glass ceramic is 5% higher than
that of its parent glass.

The results of Vi (Figs. 3(a) and (b)) show some
interesting features. In series A, the strong similitude

between the values of Vi (Fig. 3(a)) indicates that
there is no difference between the coordination num-
bers of the alkaline earth cations. A low-coordinated
Mg would result in a less packed structure in sample
AQ, a phenomenon which does not agree with the
results of Vp. ‘

Fig. 3(b) shows an increment in V from sample
1 to B5 (series B). This behavior can be only under-
stood if we assume that the additions of six-coordi-
nated Mg result in an increment in the n,. of the
system (in this series, addition of Mg results in a
diminution of the total content of Ca, P and Si, the
last two ones being four-coordinated cations). Again
in this case, this result is not expected if the coordi-
nation number of Mg was 4, since in this case n,,
would decrease along the series. The observed incre-
ment in Vg cannot be explained either if the coordi-
nation number of Ca, Sr and Mg were 8, 8 and 6,
respectively, because in this case n,, remains un-
changed.

4.5. Microhardness and fracture toughness

Microhardness is related to quite complicated be-
haviors of resistance to superficial mechanical strains
[9], which are, in the case of glasses, strongly influ-
enced by viscosity. For silicate glasses with high Si
content, in which both microhardness and viscosity
depend on the alkaline and alkaline earth cation
concentration [22], it was found that viscosity at low
temperatures is not affected by the amount of broken
silicon—oxygen bonds, but strongly depends on the
coordination number of cations [23]. For that reason,
an important contribution of the cationic coordina-
tion number to the values of microhardness is ex-
pected. , !

One important contribution:to the study of micro-
hardness in glasses was made by Yamane and
Mackenzie [16], who related H to different struc-
tural parameters:

Hy=0.051(a/[0.462 +0.09V. — V2])°E, (4)

where o =X{fin,e}/(e;X{fn}) is the average
single bond strength, f is the number of cations i in
1 mol of glass, n is the coordination number, Vy is
the ionic volume fraction (see above, Section 4.4., E
is Young’s modulus, € is the single bond strength of
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cation I to oxygen bond and g is the single bond
strength of the Si—O bond.

Finally, it is important to mention that anomalous
low H,, values were reported for MgO - P, O glasses
with four-coordinated Mg, with respect to glasses
with six-coordinated Ca, Sr, Ba and even Mg [9].

Fig. 4(a) shows the Vickers hardness numbers,
H,, of the samples of series A. No changes have
been observed in this series, showing that the nature
of the alkaline earth cation, in this concentration
range, does not affect microhardness. If the results
were interpreted in terms of cationic coordination
number, as we did in the case of the mean atomic
volume data, they would show that this number must
be the same for the alkaline earth cations in all the
samples of the series. H,, did not change because of
the constant value of the mean cationic coordination
number, since Mg and Sr are assumed to substitute
only for Ca, without modifying its coordination num-
ber. A

A similar conclusion is obtained when microhard-
ness results are interpreted in terms of the variation
of the parameters in Eq. 4. It is important to remark
that the equation was obtained for glasses with Vi <
0.55, and the values of V; in our glasses are higher
than 0.59. This is probably the main reason why,

.although the predicted results show a trend along the

series similar to the experimental ones, the absolute
values are not the same. Anyway, a non-quantitative
analysis of the effect of compositional changes on
the equation parameters can be done. For that pur-
pose, we must take into account that Eq. (4) shows

that Hy increases with four important parameters: €,
E, Vg and n. It is of interest to point out the relative

importance of #, since £ and V; strongly depend on
it.

An estimation of the values of E was obtained by
using the criterion proposed by Marshall et al. [15].
The Hy/E ratio was found to be 0.068 for all the
samples. From this ratio, £ values of all the samples
were calculated using the H, values previously
obtained, and showed: (a) no variations along series
A (the value of E for these samples was estimated to
be 83.6 GPa), and (b) a total increment of 7% from
sample 1 to B5 (series B). Although the error of the
method proposed by Marshall et al. lies between 5
and 10%, the values obtained are in good agreement
with data previously obtained by using a cubic reso-
nance method [24].

Then, taking into account the constant value of E
along series A and the observed decrease on Vi from
sample AQ to sample A2 (series A, Fig. 3(a)), the
constant value of H, (Fig. 4(a)) can only be ex-
plained if there is a small increase in « from sample
A0 to sample A2 (a was calculated from single
bond strength data obtained from Refs. [25,26]. This
increment is only possible if the values of n; are the
same along the series (i.e., yg = 6), as was con-
cluded in (b). By contrast, if Ny, Were lower than
ne, and ng, we should expect for this series a
decrease in « from sample AQ to A2, while the
observed V decreased. Both phenomena would re-
sult in lower Hy values, which are not observed.

On the other hand, microhardness of the samples
in series B (Fig. 4(b)) increases at higher alkaline
earth contents, from 5.63 GPa for sample 1 to 5.89
GPa for sample B4 and 6.04 GPa for sample BS. In
this series, Mg addition results in a diminution of the
total content of Ca, P and Si (the last two being
four-coordinated cations). A simple interpretation of
these results based on the increment of the mean
cationic coordination number along the series is not
possible in this case, as we shall see below.

Results obtained from the Knoop indentation
measurements showed that the values of E in series
B increase about 7% from sample 1 to BS5. The
average bond strength of the system decreases from
sample 1 to B5, leading to an increment in « and
H,, regardless of the coordination number of Mg.
By contrast, the increment of V; along the series
(Fig. 3(b)) produces an opposite effect on Hy,. Eq.
(4) indicates that, in this case, the increment of E
should be the most important contribution to the
observed increment in Hy along the series.

In Figs. 5(a) and (b), the K, values obtained
from Eq. (1) are plotted. Fig. 5(a) shows that Ko
values of samples A2 and BO are about 24% lower
than that of sample 1. In series B, the difference
between the results from samples B4 and BS was
negligible, but both of them have K values signifi-
cantly lower (22%) than that of sample 1 (Fig. 5(b)).
At this point, it is important to say that the values of
another important structural parameter, the glass
transition temperature, T, showed the same trend in
both series as these values of K., suggesting that
both behaviors are related to the bulk structure of the
glass [13].

Fracture toughness of glasses depends on elastic
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modulus, E, and fracture energy, y. It is clear that
the latter term plays an important role, since E is
unchanged in series A while K. shows differences
between the samples of this series. Fracture energy
of glasses includes plastic deformation, surface en-
ergy and crack branching as its principal contribu-
tors. According to the low K values, high Young’s
modulus and high ionic character of these glasses, it
is reasonable to neglect the importance of plastic
deformation mechanisms.

For an evaluation of the eventual role of the other
factors affecting y and, as a consequence, K, a
deeper understanding of the glass structure of this
system is needed. However, it must be taken into
account that Raman and *'P and *Sj NMR spectro-
scopic analyses of the samples of series A showed
no differences in the number of non-bridging oxy-
gens and in the local structure of Si and P [6]. This
means that the relative amount of non-bridging oxy-
gens and the relative distribution of Q" species
cannot justify, as a unique parameter, the trend in the
K values, as was previously reported [27]. Further
analyses on this topic are now under study.

5. Conclusions

(1) The mean atomic volume, V,, of the samples
increases with the mean cationic radius, 7, in
series A, while microhardness, H,, and ionic vol-
ume fraction, V5, are not affected. These trends are
attributed to an invariance in the coordination num-
ber of R (R = Ca, Sr, Mg).

(2) In series B, V, decreases with RO content,
while Hy and V; increase. These effects are ex-
plained through an increment in the mean cationic
coordination number, due to the fact that Ca and Mg
present the same coordination number, which is
higher than that of P and Si.

(3) According to previous results in related sys-
tems, the value of the coordination number of Ca,
Mg and Sr in these glasses is proposed to be 6.

(4) The values of V, increase with the r_, of the
system in series A, and decrease with .. in series
B. This is due to the fact that V, is affected by both
the iomic radii and the coordination numbers, #, of
the cations. By contrast, V5 is mainly affected by #.

(5) The microhardness behavior can be qualita-
tively interpreted in terms of Yamane’s equation
[16], and the results agree with the proposed values
of n. The increment of microhardness along series B
is mainly attributed to an increment in the value of
Young’s modulus, E, estimated from Knoop indenta-
tion measurements.

(6) The increase in RO content (series B) and the
presence of a second alkaline-earth oxide in the
system (series A) resulted in a decrease in the Ko
values. The same trend was observed in both series
for the values of the glass transition temperature, T,.

(7) The relative amount of non-bridging oxygens
and the relative distribution of Q" species cannot
explain, as an only parameter, the trend in the K
values.

The authors want to acknowledge the helpful
comments and suggestions of Professor Naohiro Soga
(Kyoto University) and Dr Eduardo Mari (IN-
TEMIN).
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