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Elastic properties of quaternary glasses in the
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versus measurement
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ABSTRACT

The elastic properties of quaternary glass-forming systems within the CaO-
MgO-Al,O3-5i0, composition were evaluated. Their compositions differed by
not more than 3 mol% for each component from each other. After melting, the
exact chemical compositions were determined using X-ray fluorescence, and the
densities were measured by Archimedes method and pycnometer. This prop-
erty and its dependency upon small variations in the composition are the main
focuses of this paper. Experimental elastic properties such as Poisson’s ratio and
Young’s modulus were calculated by measured ultrasound wave velocities
(longitudinal and shear) at room temperature. Model calculations of the Pois-
son’s ratios were not in satisfying agreement with the measured results. The
experimentally determined data of the Young’'s modulus values ranging
between 87 and 91 GPa were compared to different model calculations, which
were mostly smaller than the measured ones, ranging—depending on the
model—between 70 and 93 GPa. The effect of MgO was also studied by com-
paring the glasses with similar compositions without any MgO.
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quaternary glass-forming system CaO-MgO-Al,O3-
5i0, (CMAS) is of particular interest, because of its

Introduction

The ternary systems CaO-Al,O;-SiO, and MgO-
Al,O3-SiO, with minor additions of different net-
work modifiers have been studied extensively with
respect to their crystallization behaviour for possible
use in hard disc substrates [1] or in dentistry [2, 3].
Furthermore, the glass systems are commonly used
for fibre glass production in order to meet require-
ments for numerous applications [4-6], and they
were proposed as laser materials as well [7-9]. The
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inexpensive raw materials, its high corrosion resis-
tance and its good mechanical properties. This is why
these compositions have received much attention in
scientific research [2, 3, 6, 10-15].

Glasses are known to be brittle, if exposed to
mechanical or thermal stresses—unlike plastic and
metals. The knowledge on mechanical properties and
hence the mechanical strength is a crucial factor for
structural applications of materials and is required
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for the right choice of the most appropriate material
for a particular application. Although all the charac-
ters of applied force, temperature, shape and surface
defects significantly affect the strength of a glass
product, the elastic properties are usually directly
related to the Young's modulus [16]. According to
Griffith’ theory, the strength of materials increases
with their elastic moduli but is also crucially depen-
dent on the number and geometry of the defects,
especially of micro-cracks [16].

An extensive number of publications on the struc-
tural and acoustic properties of multicomponent sil-
icate glasses can be found in the literature [8, 17-22].
One of the best available techniques to investigate the
acoustic properties of materials is the ultrasonic non-
destructive pulse-echo technique because of the close
association of the ultrasonic waves with the elastic
and the inelastic properties of the materials [20].

The mechanical properties are highly dependent
on the composition and upon the structure as well;
the acoustic properties are also connected with those
parameters. If multicomponent oxide glasses are
assumed as solution of oxides in which each oxide
has its own effect and no definite combinations occur,
any structural or physical glass property as a whole
can logically be considered as the sum of the effects
of all individual oxides [19].

To overcome the problems of the classical time-
consuming experimental procedure, coupling of
modelling (optimization) and experiments is the
means of choice. The key experimental conditions can
be identified based on the pre-existing modelling
results; afterwards experimental results can be used
for the improvement in modelling. Hence, time and
costs to perform experiments can be significantly
decreased. The calculation of the Young’s modulus
(E) from the glass composition is advantageous for
the development of glassy materials. Hence, many
authors worked on models for the empirical calcu-
lation to enable an a priori assessment of Young's
modulus [17, 18, 23-26].

To improve the long-term strength and longevity
of materials and also properties such as corrosion
resistance, it is needed to substitute alkali oxides by
modifier oxides of higher valency. In this context,
alkaline earth oxides such as CaO and MgO are of
special interest. It was shown that magnesium oxide
and calcium oxide as network modifiers affect the
structure of the glass network [27]. The induced
change in density could possibly affect the Young's
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modulus as well. It has been shown that MgO
increases the strength of aluminosilicate glass
ceramics [28]. But the influence of magnesium ions on
the elastic properties of glasses is not yet clearly
described, especially if also other network modifiers
occur.

For this work, glass compositions in the quaternary
system CaO-MgO-Al,03-5i0, (CMAS) without the
addition of alkali oxides were prepared. Twenty-
eight glasses within this system were melted and
characterized. The chemical composition determined
by X-ray fluorescence (XRF), the density (for more
information, see Ref. [27]) and the acoustic properties
were evaluated for each glass composition. The
measured XRF data were used for further correla-
tions of physical properties and to minimize the error
if simulated and measured results were compared.
The values of Young's modulus derived from
experimental data were compared with different
empirical models proposed by Makishima-Macken-
zie [17, 18], Rocherulle et al. [23] and Priven [24].
Also, the ultrasound velocities were computed using
empirical models. A correlation between the struc-
ture and the elastic properties of these glasses was
also discussed. Furthermore, Young’s moduli were
compared with those of some glasses which did not
contain MgO (from Ref. [15]).

Experimental procedure

Table 1 shows the chemical compositions of all
studied 28 glasses. The used raw materials were pure
quartz of grain size C, CaCO; and Al(OH); and
4MgCO;3; x Mg(OH), x 5H,0 (all Merck AG).

The concentration of each component does not
differ by more than 3 mol% from that of the base
glass  composition 61.2 SiO,,  26.3 mol% CaO,
8.6 mol% Al,O; and 3.8 mol% MgO. This composi-
tion range was studied because the liquidus tem-
peratures Ty, are lower than 1300 °C and hence
comparatively low. These compositions are advan-
tageous because relatively low melting temperatures
are necessary, and hence, an energy and environ-
mentally advantageous production is possible [29].
Furthermore, they are fairly stable against
devitrification.

The raw materials for 350 g glass were mixed by
manual shaking. A portion of the powder mixture
was filled into a platinum crucible, which was
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Table 1 XRF values and nominal composition of glasses in mol%, calculated effective molar mass M., calculated molar volume Vi and

the calculated number of bridging oxygen per tetrahedron BO/T

Glass Nominal compositions XRF results normalized
SiO, CaO Al,O5 MgO SiO, CaO Al,04 MgO Mege Vum BO/T
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (g/mol) (cms/mol)

1 60.54 27.44 8.75 3.27 60.88 26.98 8.90 3.23 62.09 23.20 3.46
2 62.25 25.33 9.14 3.28 62.58 24.75 9.27 341 62.30 23.53 3.53
3 61.22 26.30 8.64 3.84 61.66 25.68 8.79 3.87 61.97 23.25 348
4 61.24 25.23 9.10 4.42 61.60 24.51 9.23 4.67 62.04 23.35 3.50
5 59.81 25.62 9.56 5.01 60.18 24.86 9.59 5.38 62.04 23.23 348
6 60.12 27.25 8.24 4.39 60.17 26.73 8.27 4.83 61.52 22.92 3.39
7 59.86 28.58 8.86 2.70 60.61 27.87 9.00 2.52 62.24 23.21 3.46
8 62.52 27.12 7.68 2.68 63.11 26.38 7.82 2.70 61.76 23.27 3.46
9 59.30 28.14 7.62 4.93 59.86 27.34 7.78 5.03 61.27 22.73 3.35
10 61.67 25.8 8.13 4.39 62.36 25.19 8.28 4.18 61.71 23.24 347
11 61.87 26.71 8.16 3.26 62.75 25.75 8.32 3.18 61.90 23.31 3.48
12 60.52 25.96 9.10 4.42 60.66 25.51 9.23 4.60 62.01 23.26 347
13 61.25 27.33 8.16 3.26 61.68 26.57 8.28 347 61.80 23.21 3.44
14 62.31 25.32 9.09 3.28 63.02 24.66 9.23 3.09 62.35 23.57 3.55
15 61.88 25.14 8.57 441 61.82 24.38 8.62 5.18 61.69 23.12 347
16 61.29 28.36 7.68 2.68 61.83 27.89 7.81 2.48 61.74 22.87 342
17 63.42 24.32 9.54 2.72 63.56 23.72 9.60 3.12 62.53 23.71 3.58
18 59.03 28.19 7.84 4.94 58.61 27.42 7.87 6.10 61.07 22.63 3.31
19 60.26 27.23 8.13 4.39 59.82 27.54 8.00 4.65 61.41 22.77 3.36
20 62.12 25.30 7.63 4.94 63.04 24.75 7.80 4.41 61.48 23.22 3.46
21 61.27 24.15 9.57 5.01 62.52 23.80 9.72 3.96 62.42 23.58 3.56
22 63.30 24.34 9.64 2.72 64.57 23.55 9.77 2.11 62.81 24.00 3.62
23 60.71 26.88 9.13 3.28 60.91 25.89 9.19 4.01 62.10 23.33 3.48
24 62.54 23.99 8.50 4.98 63.00 23.59 8.72 4.70 61.86 23.26 3.51
25 60.21 27.46 9.62 2.71 60.28 26.36 9.73 3.62 62.39 23.38 3.49
26 59.30 28.14 7.62 4.93 59.94 27.18 7.81 5.07 61.26 22.73 3.35
27 61.88 25.14 8.57 441 62.58 24.23 8.75 4.44 61.90 23.28 3.50
28 61.27 26.26 8.62 3.846 61.44 25.75 8.69 4.12 61.87 23.21 3.46

transferred to a Super-Kanthal furnace (MoSi, heat-
ing elements) and then heated up until the main part
of carbon dioxide was evaporated and the batch had
been fully sintered. Then, the next part of the raw
materials was added. Subsequently, the temperature
was increased to 1590 °C and held for two h or more
for fining.

In order to achieve fast cooling, the melt was cast in
101 of cold water and then dried at 120 °C. This
procedure was supplied to increase the homogeneity
of the glass. Subsequently, the glass was remelted at
1600 °C, kept for 3 h at this temperature and finally
cast. For this purpose, two heat resistant steel (AL7)
moulds were coated with boron nitride by using a
spray and then preheated to 600 °C. The crucible

with the residual, adherent glass was then trans-
ferred again to the melting furnace and, after
reheating, cast into the second mould. For thermal
annealing, the glass was transferred to a cooling
furnace preheated to temperatures slightly above the
glass transition temperature, T, that is in the range
from 775 to 805 °C depending on the glass composi-
tion. All glasses were cooled using the same proce-
dure, and hence, a direct comparison of the densities
and glass transition temperatures T, is enabled
although these properties might have only a slight
effect on the cooling history [30]. The second glass
block of each glass showed some striae. For the
characterization of the density, only the first block
was used.
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The chemical composition of the glasses was
determined by X-ray fluorescence (XRF) using a
PANalytical MagixPro (4 kW Rh Tube).

The densities of the glasses were measured using
a helium pycnometer (AccuPyc 1330, Micromeritics
GmbH, Germany). The maximum size of the glass
samples in the Accupyc 1330 is 15 x 15 x 30 mm®.
Furthermore, the density values were compared to
values determined using the Archimedes method
(buoyancy method) according to ASTM Standard
C693-93 [31]. For this purpose, a high precision
scale MC1 Analytik AC210 P (Fa. Sartorius AG,
Gottingen) with a specific density accessory was
used.

Young’s moduli were measured using the ultra-
sound technique by Krautkrdmer (USD 15 Krautk-
ramer-Branson, Austria) at room temperature [32].
The used glass samples were 20- to 30-mm-long
cylinders with a diameter of 15 mm, the same as that
of the transducer (J15 mm). Both edges were parallel
to each other with deviations of less than 0.5 mm. By
using this method, the longitudinal and transversal
acoustic velocities were determined. The ultrasonic
wave velocities were measured by using a pulse-echo
technique, whereas the frequency of the longitudinal
and transversal probes was 5 and 4 MHz, respec-
tively. In particular, the elapsed time between the
initiation and the receipt of the pulse was deter-
mined. The velocity v was then calculated by divid-
ing the roundtrip distance 2a by the elapsed time At
(see Eq. 1):

2a

where 7 is the thickness of the sample and At is the
time interval from the initiation to the receipt of the
pulse. The space between transducer and sample was
filled with honey, which serves to couple the shear
waves. From the respective velocities, the Poisson’s
ratio v is calculated by Eq. 2:

v =) <Z_;)2 2)

where v, and v, are the shear (transversal) and the
longitudinal sound velocities within the sample,
respectively.

The Young’s modulus E (in GPa) is finally calcu-
lated by Eq. 3 [33]:
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where p in g/cm? is the density of the glass sample and
the v, and v; are the phase velocities given in m/s.

The theoretical maximum error propagation AE of

the sonic modulus E (due to the random error of the
measurement) can then be calculated as follows:

OF > (OF > (OE 2
(4)

because the density p and the sound velocities v, and
v; are the parameters, which show random machine
errors of £0.005 g/cm’ and +30 m/s, respectively.
Their errors have to be included in the error propa-
gation calculation. Each differentiation of the
parameters is given by the following equations and
needs to be multiplied with its own systematic error:
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The propagation error of the measured sample is
around 1.34 GPa—depending on the results of the
phase velocities and the density.

The molar volumes of the glasses are calculated by
Eq. 8
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Vg = > XiM;

p
where p is the glass density, x; and M; are the mole
fraction and the molecular weight of the oxide com-
ponent i, respectively.

(3)

Results and discussion

The glass transition temperatures T, of the glasses
vary between 754 and 783 °C, which is lower than the
T, of the calcium-aluminosilicate glass system with-
out MgO, as reported in Ref. [15]. As stated in Ref.
[34], the relaxation times of glasses at T, are only few
minutes. Within that time, the residual stresses in the
melted glasses are gradually eliminated with
increasing annealing time. Since all glass transition
temperatures are well below 850 °C, the right cooling
temperature of the cooling furnace at 850 °C has been
chosen and the glasses can be considered as relaxed.
As reported, for example, by DeGuire [22], all prop-
erties of glasses are affected by their thermal history.
The faster a glass melt is quenched, the looser is the
glass network structure. Hence, the density is
decreased, which in turn might affect the elastic
properties as well due to a change in phase velocities
in the glasses. So it is crucial to cool down and relax
the glass bulk structure properly. Furthermore, no
stress-induced striae were found using photoelastic-
ity to determine the stress distribution.

It has been shown in different studies on the glass
structure of alumina silicate glasses, that Al,O; is
mostly incorporated into the glass network as
[AlIO4]" -tetrahedra. They act as a network former as
long as the molar concentrations of alkali or alkali
earth oxides equal or exceed those of alumina
[34-36]. The charges of the [AlO,] -tetrahedra need
to be charge balanced by positively charged cations
[35]. For metaluminous or peralkaline glasses, it is
expected that all aluminium units form tetrahedra
with 4/2 bridging oxygen. The mean number of
bridging oxygen per network forming [SiO4]- and
[AlO4] -tetrahedra (BO/T or Q number) can be cal-
culated from the chemical composition and is a
simple measure of the connectivity and rigidity of the
glasses [35, 36]. All glasses have a ratio of CaO or
MgO to AlOj; larger than 1, which means all tested
samples contain high enough concentrations of net-
work modifiers to compensate the negative charge of
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all [AlO4]" -tetrahedra. Hence, in all studied compo-
sitions, the [AlO,] -tetrahedra are considered to be
charge balanced by Mg”>" and Ca** ions and do not
lead to a depolymerization of the network; however,
any excess Ca”" and Mg”" ions form non-bridging
oxygen (NBO) sites and hence decrease the number
of Si-O-5i bridges [34]. The higher the excess of cal-
cium or magnesium ions is, the larger is the number
of non-bridging-oxygen sites and the lower is the
number of bridging oxygens per tetrahedron (BO/T),
and the more pronounced is the depolymerization of
the glass structure. Therefore, the BO/T can be cal-
culated by the following equation:

BO 2 X (nCao + nmgo — nA1203)
p—— 4 —
T (11si0, + 2 * NaL05)

©)

where 1, is the concentration of the oxide in mol%.
Later on, the obtained results are also plotted
against BO/T and discussed.

XRF

In Table 1, the glass compositions determined by
X-ray fluorescence (XRF) of each glass composition
are compared with their target compositions. The
XRF values added up to at least 99.70 mol% and were
normalized to 100 mol% for better comparison.

In all samples, the calcium oxide values were 0.4 to
1.1 mol% higher than the intended CaO concentra-
tion. The rise in the CaO concentration resulted
mostly in a decrease in the SiO, and MgO concen-
trations, whereas Al,O; showed always the same
shift of around 0.1 mol%. Other trace oxides were not
found in the melted glass samples within the sensi-
tivity of the used method and equipment.

The glasses 26, 27, and 28 had the same nominal
compositions as the glasses 9, 15, and 3, respectively,
to check the reproducibility. The glasses 9 and 26
were very similar, whereas the glass duos 27/15 and
also 3/28 show shifts within the MgO and SiO,
concentrations of 0.75 and 0.22 mol%, respectively. In
the following, the measured and normalized XRF
data will be used for further correlations with phys-
ical properties. This also minimizes the deviation
between simulated and measured densities.

Elastic properties
The phase velocities v; and v; are visible in Table 2.

The differences between the minimum and
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Table 2 Acoustic and

J Mater Sci (2017) 52:8159-8175

mechanical properties of the Sample ¢ in m/s ¢, in m/s \J K in GPa G in GPa E in GPa
glasses with two different +30 ms +30 ms +0.006 +5 GPa +0.6 GPa +1.3 GPa
Z?L’Sl’elevselfzzli;nz ‘:lfcllt ::“h 1 6373 3644 0.257 61.2 35.5 89.2
Poisson’s ratio v, Young’s 2 6396 3656 0.257 61.1 354 88.9
modulus E 3 6304 3636 0.251 58.8 35.2 88.0
4 6295 3655 0.246 57.9 35.5 88.3
5 6341 3621 0.258 60.7 349 88.3
6 6438 3648 0.264 63.7 35.8 90.4
7 6398 3639 0.261 60.2 34.8 89.4
8 6341 3605 0.261 60.7 34.5 87.0
9 6413 3646 0.261 63.0 35.8 90.2
10 6333 3606 0.260 60.5 34.5 87.1
11 6351 3609 0.262 61.0 34.6 87.3
12 6404 3658 0.258 61.7 35.6 89.6
13 6342 3673 0.248 59.2 35.9 89.7
14 6283 3647 0.246 57.5 352 87.6
15 6406 3672 0.255 63.9 35.6 90.3
16 6423 3615 0.268 64.4 353 89.6
17 6383 3659 0.255 60.4 353 88.7
18 6324 3625 0.255 60.6 354 88.9
19 6335 3630 0.256 60.9 355 89.2
20 n.d. n.d.
21 6386 3639 0.260 61.1 35.0 88.2
22 6337 3649 0.252 58.9 35.0 87.7
23 6358 3629 0.258 60.9 35.2 88.9
24 6334 3633 0.255 59.9 35.1 88.1
25 6329 3639 0.253 59.9 354 88.7
26 6358 3654 0.253 60.9 36.0 90.2
27 6351 3660 0.251 59.8 352 89.4
28 6326 3641 0.252 59.5 353 88.4

maximum values for v; and v, are 155 and 68 m/s,
respectively. Considering the maximum theoretical
error margin of £30 m/s, these glasses do not show a
large deviation in their phase velocities, especially for
V.

It is known that a decreasing ultrasonic velocity is
related to the increase in the number of non-bridging
oxygen and therefore a decrease in the connectivity of
the glass network, where the modifiers break the
bonds of the tetrahedral SiO4 units [37].

As shown in Fig. 1, however, there is no clear
correlation between the number of bridging oxygen
per tetrahedral unit and the transversal and longitu-
dinal phase velocities. The comparatively high error
margin of the measurement system is probably
overlying the small variations of the results for those
glasses.

@ Springer

Poisson’s ratio

For any structure, Poisson’s ratio v is formally
defined as the ratio of lateral to longitudinal strain,
produced if tensile forces are applied [38, 39]. If
tensile stresses are applied parallel to the chains, the
produced longitudinal strain will be the same for
networks despite the linking of the network. How-
ever, the lateral strain (perpendicular to the chain) is
greatest for a network with no bridging oxygen
bonds (crosslink density = 0) as only ionic bonds and
the weak interchain van der Waals forces contribute
to the forces against contraction. The more crosslinks,
i.e. the more bridging oxygen, occur within the glass
network, the higher the decrease in the lateral strain.
Hence, in a glass network in which the crosslink
density—defined as the number of bridging oxygen
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Figure 1 Phase velocities v; and v, and Poisson’s ratio v as a function of the number of bridging oxygen per tetrahedron.

per tetrahedron minus two—is doubled, the lateral
strain will decrease to half of the value. Thus, the
ratio of lateral to longitudinal strain, v, in an isotropic
vitreous network with a BO/T of two (crosslink
density of zero) has Poisson’s ratio ~0.4, whereas
networks with a BO/T of 3 or 4 (crosslink density of 1
or 2) lead to Poisson’s ratios of ~0.3 and ~0.15 (f.e.
pure SiO, with BO/T = 4, crosslink density of 2),
respectively [25, 38]. This is in full agreement with
the results of this paper. The Poisson’s ratios calcu-
lated from the ultrasonic phase velocities lie between
0.246 and 0.268, and the number of bridging oxygen
of the glasses is between 3.31 and 3.62. This correla-
tion is shown in Fig. 1, where glasses with similar
compositions, however, without MgO from Ref. [15]
are included. The higher the BO/T of the glass, the
lower their Poisson’s ratio; this means the higher the
network connectivity, the lower the ratio of lateral to
longitudinal strain. Even those small changes within
the composition of the glasses in this study (less than
3 mol% per component) notably affect the Poisson’s
ratio. This has also been described by Rouxel in Ref.
[38]. Hence, the Poisson’s ratio shows the expected
trend in dependence on the glass network structure
although the phase velocities do not.

Young’'s modulus

The values of Young's modulus—listed in Table 2
show only a very small (and unexpected) variation
between 87 and 90.4 GPa (glass 8 and 6) even though
the densities vary between 2.631 and 2.700 g x cm .
The previous assumption that the addition of mag-
nesium oxide to the different glass compositions, in

varying amounts between 2 and 6 mol% MgO, would

have a greater influence on the elastic properties was
proved as incorrect.

The glasses 9 and 26 with almost identical com-
positions have the same Young’s moduli of 90.2 GPa.
In analogy, the glass duo with the sample numbers 3
and 28 with similar compositions shows only small
variations of 88.0 and 88.4 GPa. Within the distribu-
tion of values between 87.0 and 90.4 GPa, this is only
a very small variation and is well below the possible
maximum of the theoretical propagation error
of +1.34 GPa. Hence, the determination of the elastic
moduli shows a high reproducibility. Only in the case
of the glasses 15 and 27, which had identical nominal
compositions, more different moduli of 90.3 and
89.4 GPa were, respectively, obtained. This is easily
explained by the MgO discrepancy of more than
0.7 mol% of the measured compositions of those two
glasses (4.44 and 5.18 mol%).

Considering the comparatively small variation of
the Young’s moduli of only 3.4 GPa of the tested
glasses, the maximum theoretical propagation error
of the used equipment, given with +£1.34 GPa, is a
high deviation complicating the comparison and
interpretation of results.

In comparison with glasses containing no magne-
sium oxide, the Young’s moduli for the tested glasses
were around 3 GPa higher. This is a significant differ-
ence, even taking the propagation error into account.

However, when interpreting Fig. 2, neither the
effect of the MgO concentration nor that of the CaO
concentration on the mechanical properties shows a
clear trend. The Pearson correlation coefficients are
0.37 (0.43) for the correlation between MgO concen-
tration (CaO concentration) and Young’s modulus,
which are comparatively small. This is due to the
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Figure 2 Young’s modulus as a function of the oxide concentration.

small variation of the Young’'s modulus values; thus,
the error of the values is too high to enable a more
detailed interpretation. The correlation coefficients
for the influence of SiO, and Al,O; on the Young's
modulus are —0.57 and —0.26—and hence do not
show a clear correlation either. The high deviation
error of the experimental values is probably the

reason for this poor correlation. However, there is a
visible trend to a decrease in Young’s moduli with
increasing concentration of network formers (nega-
tive correlation coefficients indicating an indirect
proportionality). Furthermore, the positive correla-
tion coefficients for network modifiers show a direct
proportionality.
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Substitution of network formers by network modifiers

The glasses 4 and 12 with almost identical MgO
and AlL,O; concentrations illustrate that the substi-
tution of SiO, by CaO results in increasing Young's
moduli just as expected. Other examples that show
similar behaviour are the glass sets 16 and 8 and 11
and 13.

The substitution of SiO, by MgO leads to a similar
effect. For the glass sets with almost identical Al,O3
and CaO concentrations, such as 15 and 27, 17 and 22,
2 and 14, 4 and 14, and 6 and 13, the Young’s moduli
always increase if SiO; is substituted by MgO.

Furthermore, glasses from Ref. [15] without any
MgO were compared to similar glass compositions
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from this glass series. In Table 3 and Fig. 3, the
results are displayed and show a linear trend.
Marzouk et al. [40] stated that the formation of
non-bridging oxygen reduces the network connec-
tivity, weakens the glass structure and hence should
result in decreasing Young’s moduli. They are in
agreement with El-Moneim and Alenezy [19], who
suggested that due to an increase in the glass sam-
ples’ rigidity, the elastic moduli should increase. On
the contrary, DeGuire et al. [22] mentioned that it was
long and wrongly believed that the weak ionic bonds
between modifiers and non-bridging oxygens
(meaning a lower network connectivity than for pure
vitreous silica) are mainly responsible for decreasing
Young’s moduli: A higher silica concentration and

Table 3 Shift of Young’s

modulus as function of SiO, CaO Al O3 MgO E modulus

difference of compositions A (mol%) (mol%) (mol%) (mol%) (GPa)

g“el\zo glef Su"i’snmnon of $i0x s 15 61.82 2438 8.62 5.18 90.3

y VgL 1 glasses Glass 27 62.58 2423 8.75 4.44 89.4

A -0.76 0.15 —0.13 0.74 0.9
Glass 22 64.57 2355 9.77 211 87.7
Glass 17 63.56 2372 9.6 3.12 88.7
A 1.01 —0.17 0.17 -1.01 -1
Glass 14 63.02 24.66 9.23 3.00 87.6
Glass 2 62.58 2475 9.27 3.41 88.9
A 0.44 —0.09 —0.04 -0.32 -13
Glass 4 61.6 2451 9.23 4.67 88.3
Glass 14 63.02 24.66 9.23 3.09 87.6
A —1.42 -0.15 0 1.58 0.7
Glass 17 [15] 66.385 23.863 9.752 0 84.4
Glass 21 62.522 23.798 9.723 3.957 88.2
A 3.863 0.065 0.029 —3.957 -38
Glass 17 [15] 66.385 23.863 9.752 0 84.4
Glass 17 63.564 23718 9.599 3.119 88.7
A 2.821 0.145 0.153 —-3.119 -43
Glass 15 [15] 64.856 26 9.145 0 85.3
Glass 23 60.913 25.887 9.189 4011 88.9
A 3.943 0.113 —0.044 —4.011 -36
Glass 2 [15] 64.983 26.663 8.09 0.263 84.4
Glass 6 60.168 26.728 8.274 483 90.4
A 4.815 —0.065 —0.184 —4.567 -6
Glass 14 [15] 65.762 24.962 9.276 0 84.35
Glass 2 62.576 2475 9.267 3.408 88.9
A 3.186 0.212 0.009 —3.408 —455

Variation of components are given in bold
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Figure 4 Young’s modulus as a function of the number of
bridging oxygen per tetrahedron.

therefore a smaller network modifier concentration
should lead to a higher network connectivity and
hence a higher Young’s modulus. However, they
found just the opposite, increasing network connec-
tivity results in decreasing Young’s Modulus. The
results in this paper confirm this observation. As
shown in Fig. 4, the obvious trend shows an indirect
proportionality: the higher the number of bridging
oxygen—and hence the rigidity—of a glass sample,
the lower the Young’s modulus. Including the cal-
cium oxide-aluminosilicate glasses from Ref. [15]
which do not contain any MgO into the considera-
tion, then a clear trend towards higher moduli with
decreasing network connectivity (BOT/E) is
observed. Incorporating a higher quantity of network
modifiers such as CaO and MgO into the glass
structure leads to a decrease in the quantity of
bridging oxygens within the network. Hence, the
glass with the highest concentration of the network
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formers Al,Os; and SiO, (glass 22) possesses the
highest number of bridging oxygens per tetrahedron
and therefore the highest network connectivity and
also one of the lowest Young’'s modulus values with
87.7 GPa. The effect of decreasing Young's moduli
with increasing SiO, concentrations within the glass
system has also been reported in Ref. [15].

This can be explained by the fact that tightly
packed glasses have higher elastic moduli than
loosely packed glasses [18, 38]. A decrease in molar
volume V) (and hence an increase in packing density
Vp) will strengthen the resistance of the glass network
to compression and hence increase the Young's
modulus as shown in Fig. 5. The higher the network
modifier concentration in the tested glasses is, the
stronger is the decrease in the molar volume (see
Fig. 5). This is due to the incorporation of the net-
work modifiers into the network’s cavities which
triggers a contraction of the glass network, which has
already been reported by Vogel [30] for alkali oxides.
Also, a trend towards higher Young’s moduli with
increasing concentration of network modifiers and
decreasing silica concentration is observed in Fig. 2.

Hence, Young's moduli of silicate glasses are
mostly affected by the freedom of silicate tetrahedra
to pivot about their connecting oxygens into the
cavities of the network if network modifiers are
incorporated. Hence, the packing density is increased
and the freedom of movement of the oxygen ions is
restricted. Thus, less strain may be accommodated by
5i-O-5i bonds bending before adjacent ions touch or
repel each other, which in turn increases the Young’s
modulus [18, 22, 38]. This connection between pack-
ing density Vp and Young’s modulus was also visible
for the studied glasses in Fig. 6.

This explains the Young’s moduli decrease with
increasing silica concentration, which is in contrast to
the long-lasting opinion of increasing modulus with
higher rigidity of the glass. Even though the corre-
lation between SiO, concentration and the Young's
modulus had been the most pronounced (with
—0.57), a high field strength of the network modifier
has a larger effect on Young's moduli than the
rigidity of the glass. So it can be concluded that
competitive effects are influencing Young’'s modulus:
The depolymerization results in lower network con-
nectivity (and lower number of bridging oxygen per
tetrahedron) which leads to decreasing Young's
moduli, but this effect is (at least in this case)
superimposed by the enhancement of Young's
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Figure 6 Young’s modulus as a function of the packing density
Vb

modulus due to the increasing cohesion with the
addition of modifiers and hence the influence of this
effect is larger.

In the case of the studied compositions, a good
correlation was found between the elastic properties,
the number of non-bridging oxygens, and in partic-
ular the packing density. This can, however, not be
generalized. As stated by Rouxel [39], it is of impor-
tance also to include the energy density of volume
into the discussion. He further reported that in most
glasses an increasing energy density correlates well
with an increasing bulk modulus; however, there are
some discrepancies, which are depending mostly on
the glass composition.

For the glass composition system which is dis-
cussed in this report, according to the energy density,
different elastic properties would be predicted. For
example, the elastic moduli of the investigated glass
compositions increase with increasing aluminium
concentration. This was found in alumina silicates as
well; nevertheless, it is somewhat surprising to the
author of Ref. [39], because the energy density is

elastic properties should increase as well. Again, this
contradicting effect can be explained by the coordi-
nation of the ions and the packing density of the
glass. The results of the glass systems from this paper
do not show clear results for the observation made by
Rouxel [39] and Deriano [41] regarding the exchange
of Ca and Mg due to the small deviation of the val-
ues. However, it was found that CaO shows the lar-
ger effect on the elastic properties and is
overshadowing the effects of MgO.

Furthermore, plots of the shear modulus and the
bulk modulus against the Young’'s modulus are
shown in Fig. 7. Both the shear and the bulk modulus
have the same relations to the discussed parameters
as the Young’'s modulus.

Prediction of elastic properties
Ultrasonic velocities

To predict the ultrasonic velocities of the character-
ized glasses, the methods developed by Priven [24],
Demkina [42] and Makishima [17, 18] calculated via
Sciglass version 6.6 [43] have been used.

The longitudinal phase velocities showed measured
values varying between 6283 and 6438 m/s. The pre-
dicted values were between 5609 and 5651 m/s for
Priven’s estimation [24], 5418-5497 m/s for the method
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by Makishima and Mackenzie [18] and between 5466
and 5582 m/s using Gan Fuxi’s technique [44] for the
longitudinal phase velocity in the glasses. In Fig. 8, the
calculated values are plotted versus the measured
results and the straight line in this figure is the line of
1:1 correlation (i.e. has a slope of unity). All three esti-
mations are at least 600 m/s below the line of unity; the
theoretical data are significantly lower than the mea-
sured ones. The calculated values by Priven [24] with a
relatively small distribution of only 40 m/s are con-
siderably smaller than the experimental data with a
variation of 155 m/s. The Makishima calculation found
values between 5418 and 5497 m/s, whereas Gan
Fuxi’s method [44] showed values in between these two
simulations. Furthermore, the slope of the simulated
data is not following the increasing trend of the mea-
sured data, demonstrating that all models are not
suitable to simulate data within a small composition
range.

The experimental data of the transversal phase
velocity of the glasses varied between 3605 and
3673 m/s. The estimation described by Priven [24]
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Figure 8 Measured ultrasound velocities versus model calculations.
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showed values from 3609 to 3649 m/s for the
transversal velocities and the model by Gan Fuxi [44]
from 3515 to 3586 m/s. Makishima & Mackenzie [43]
is only simulating longitudinal velocity; therefore, no
calculation by his method could be done. As shown
in Fig. 8, the estimated data are closer to the experi-
mental data set compared to the longitudinal phase
velocity. The model by Priven [24] is also partly equal
to the empirical values. Taking into account the
machine error of £30 m/s, the values given by the
calculations according to Priven are all within the
error margin of the measurement and can be con-
sidered to be in agreement with the experimental
data. Gan Fuxi’s calculation [44] has a very high
deviation, but the data are significantly out of the
error margin of the experimental data, and the rela-
tive error is around 4%.

Poisson’s ratio

To predict the Poisson’s ratio, the method developed
by Priven [24] calculated via Sciglass version 6.6 [43]
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Figure 9 Measured Poisson’s ratio versus model calculations.

has been used. As shown in Fig. 9, the calculated
values between 0.197 and 0.208 are around 0.06
below the measured data and hence show a very high
relative error of 17 to 23%. Priven’s calculation is not
in agreement with the experimental values. It should
be mentioned that Priven’s results are also not in
agreement with the theoretical values given by
Rouxel, Bridge and Greaves [25, 38], who described
that networks with a BO/T of 3 have Poisson’s ratios
of ~0.3 and networks with a BO/T of 4-0.15. If lin-
early extrapolated, the Poisson’s ratio of a glass with
a BO/T of 3.5 should be higher than 0.225.

Figure 10 Measured Young’s
90,5
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Young's modulus

The experimental results of the elastic moduli were
compared with predictions from existing empirical
models. In Fig. 10, all computed values are displayed
as a function of the measured values. The straight line
in this figure is the line of 1:1 correlation (i.e. has a
slope of unity).

One of the most widely used calculation models is
that proposed by Makishima and Mackenzie in 1973
[17], which calculate Young’'s moduli E., of oxide
glasses as function of the packing density V, via the
chemical compositions of the glasses and the disso-
ciation energy of oxide constituents per unit volume
according to the following equations:

Eca =83.6V, Y Gix; (10)

where G; is the dissociation energy (kcal) per unit
volume (cm®). The G; factor is obtained from the
dissociation energy per unit volume

Gi = ui]\% (11)
where U, is the dissociation energy (kcal) per mole of
component i, p; is its density, and M; is the molecular
weight. The used values for U;, p; M; and G; are
displayed in Table 4. Lin and Liu [34] found in their

modulus versus model

calculations. ]
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Table 4 Density (p), molar
mass (M), dissociation energy

per mole of component i (U),
dissociation energy per unit
volume (G), packing factor
calculated with Shannon’s [46]
and Pauling’s [45] radii (V)),
and the substitution factor for
V' by Rocherulle et al. [23]

<)

Oxide SiO, CaO Al,O3 MgO

p (g/em®) [47] 22 3.35 4.05 3.58

M (g/mol) 60.08 56.0774 101.96 40.3044
U (kcal/mol)/(kJ/mol) [48] 424/1775 257/1076 804/3366 222/930
G (keal/em®)/(kJ/em?) 15.5/64.9 15.4/64.5 31.9/133.6 19.7/82.5
V; (cm*/mol) with Pauling’s radii 14.02 9.37 21.5 7.61

V; (em*/mol) with Shannon’s radii 12.46 8.73 18.92 7.15

Ci [23] 0.6174 0.5530 0.8333 0.6750

work that using the density of quartz resulted in
smaller deviations for low modulus glasses, whereas
using the density of amorphous silica was better for
the high modulus glasses. Therefore in this work, the
density of amorphous silica was used as well. Ref-
erences [26, 38] reported that using the Makishima/
Mackenzie model, it has been possible to calculate the
Young’s moduli for many silicate glasses with an
accuracy of ~8%, in particular for values <100 GPa.

The values calculated by the Makishima/Macken-
zie model for the glasses of this study are between
81.1 and 83.9 GPa and therefore around 6-7 GPa
smaller than the measured ones. This is significantly
out of the error margin of the experimental values.

It should be noted that for the calculation of the
moduli, the atomic radii determined by Pauling [45]
as described in Refs. [17, 18] and [23] were likewise
used. But these radii do not take into account, in
which coordination the ions occur. Especially for
aluminium oxide, this is a problem concerning per-
aluminous or peralkaline melts. Although the
empirical equations were designed for the use of
Pauling’s radii, it makes no sense to use ionic radii
given by other authors. Nevertheless, if the atomic
radii by Shannon [46] are used (0.39 x 1077,
072 x 107°, 1.00 x 107°, 026 x 107°, and
1.35 x 107" m for AI’*, Mg®*, Ca®", Si**, and O,
respectively), the calculation of Young’'s moduli
results in values between 70 and 73 GPa, which are
hence at least ten GPa lower than the experimental
values.

Rocherulle et al. [23] stated that the agreement of
Makishima/Mackenzie model with measured calcu-
lations was good for a majority of their tested sam-
ples. However, they found that the correlation
between the measured and calculated elastic modu-
lus values is not satisfactory for values greater than
100 GPa. So some modifications were introduced for
the packing factor of Makishima’s model, in which
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the factor G; (see Eq. 7) was substituted by the cal-
culated factors C; (taken from Ref. [26]). The authors
found a better agreement with their experimental
values particularly for values greater than 80 GPa.
Among Rocherulle et al.’s tested glasses was also a
glass with 60 mol% SiO,, 30 mol% CaO and 10 mol%
Al,O3, which is in the same composition range as the
studied glasses. Its experimental Young’s modulus
was 86.2 GPa, and the calculated value according to
Makishima was 80.8 GPa (both similar to our results).
This is why Rocherulle et al.’s refinement of Mak-
ishima’s calculation model was also applied to the
glasses even though the Young’'s modulus of the
glasses is only 87 GPa. The results are displayed in
Fig. 10. These calculations gave values between 87
and 90 GPa. Values calculated using this method are
closer to the experimental data and some even within
the margin of error. The estimation by Rocherulle
et al. gets better with increasing modulus, while the
prediction of Makishima leads to increasing devia-
tions to the real values and vice versa. Also in com-
parison with the glasses from Ref. [15] with slightly
lower Young’'s moduli, the estimation is better.

Both calculations by the Rocherulle et al. and the
Makishima /Mackenzie model use the experimentally
determined density for the estimation, which means
the prediction character is somewhat lost. If an
empirically calculated value for the density is used,
the propagation error increases immensely. In Ref.
[27], a relative propagation error between 0.3 and 6%
was found for the latest density models. A relative
error of £3% of the estimated density values—which
would lead to an absolute error of around 0.1 g/
cm’—results in a deviation up to 4 GPa just for the
glass compositions of this paper. It might be even
higher for other compositions with more or different
components. Thus, the error of the models for density
cannot be fully eliminated by the model calculations;
the final error of both estimation methods will be
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even higher. Therefore, this cannot be considered as
an advantageous model calculation because the real
error also depends on the unknown error of the
density calculation.

Additionally, the Young’s moduli have been cal-
culated by the two methods proposed by Priven [24]
using Sciglass 6.6 [43]. The calculations by Priven’s
method [24] are based on semi-empirical formulas
similar to the chemical equilibria equations.

The values 83.0 to 86.1 GPa calculated via the
method “Priven 2000” are lower than the data range
of the older version “Priven 1998,” which are between
89.1 and 92.8 GPa. They are both higher than the
values calculated using the method of Makishima.
“Priven 1998” data are even exceeding Rocherulle
and his group’s calculation and the line of unity,
whereas the method “Priven 2000” is underestimat-
ing the Young’'s moduli of the glasses.

All calculation methods show the same deviation
of around 3 GPa from the measured values, which is
equal to the distribution of the actual determinations
even though the actual values show shifts from 71 to
93 GPa.

Even though the approximation of Rocherulle et al.
is closest to the experimental values, the model
“Priven 2000” is considered as the best fitting one in
this case. This is due to the fact that Rocherulle et al.’s
estimation was calculated with real density results in
this case and would be farther off if approximated
density data were used.

Conclusions

The measured Young’s moduli were between 87 and
90.5 £ 0.8 GPa. The comparatively small variations of
composition had only a small effect on the tested
properties, although significantly larger than the
estimated propagation error. The Young’s modulus
decreases with increasing mean number of bridging
oxygens per tetrahedron. Young’'s modulus was most
strongly affected by the concentration of network
modifiers: the higher the concentration of network
modifiers, the higher the Young’s modulus even
though the depolymerization is also increasing and
hence the network rigidity is decreasing. The
increasing packing density if network modifiers are
added to the compositions leads to a higher resis-
tance of deformation and hence an increase in the
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Young’s moduli even though the network structure is
depolymerized.

The ultrasonic phase velocities show no clear cor-
relation with the number of bridging oxygens within
the glasses, although the Poisson’s ratio, which was
derived from the phase velocities, correlates with an
indirect proportionality. It increases with the number
of bridging oxygens, which is explained by the
increasing network rigidity. Nearly all model pre-
dictions for the phase velocities of the glasses by
different authors are not in agreement with the
measured results for the phase velocities.

The Makishima/Mackenzie model for the calcula-
tion of Young's Moduli gives acceptable results if
Pauling’s atomic radii for the ions are used [45]. Using
Shannon'’s ionic radii [46] and taking the coordination
of the ions into account, the agreement with the
experimental data is worse. Rocherulle et al’s
enhancement of the Makishima/Mackenzie theory
yields higher values than the measurement; however,
they are closer to the measured data. Nevertheless, the
results for both Makishima /McKenzie and Rocherulle
et al’s models are only close because experimental
density values were used for the calculations. If the
density would also be predicted by some model, the
deviation of values would increase 6 GPa if the model
has an relative error of 5%. The models by Priven [24]
are closest in comparison with the other models. Due to
the fact that no value for the density is needed for the
calculation with Priven’s Methods, they are consid-
ered to be the best for a rough estimation of Young’s
modulus.
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