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Mechanical properties of soda-lime-silica glasses with varying alkale earth
contents

Erhan Kilinc & Russell J Hand
Department of Materials Science & Engineering, University of Sheffield, Sir Robert Hadfield
Building, Mappin Street, Sheffield, S1 3JOK

Abstract

The effects of varying the alkaline earth oxide content of three series ofirpedsilica

glasses with the general formulae 13.53DlaMgO-10Ca0-1.5ADs-(75 — X)SiO2 (mol%)

wherex =0, 1, 2, 3, 4, 5, 6, 7; 13.5b@ 3MgO- (7 + y)CaO-1.5403:(75 — y)SiO> (mol%)

wherey =0, 1, 2, 3, 4, 5, 6, 7 and 13.50l@aMgO- (13- z)CaO- 1.5AI03- 72SiQ (mol%)

where z=1, 3,5, 7, 9, 11 have been examined. Raman spectroscopy and nuclear magnetic
resonance (NMR) spectroscopy have been used to assess network connectivity. In the first
two glass series network connectivity decreases with increasing alkaline earth addition
whereas in the third series connectivity tends to be greater for the more magnesia rich glasses
suggesting that magnesia does have a different effect to lime on network connectivity, but
only when magnesia is the dominant alkaline earth species. Fracture toughness has been
measured using bend testing, which avoids many of the questions raised by the widely used
indentation technique. Moduli have been assessed using acoustic ineassfound that the
mechanical properties tend to decrease with increasing network connectivity for all three
glass series. For the MgO-SiQeries and CaO-Silasses increasing the alkaline earth
content at the expense of the silica content resulted in increased network depolymerisation,
whereas for the MgO-CaO series when MgO became the dominant alkaline earth species,
network depolymerisation was reduced. Thus while MgO and CaO both act as network
modifiers when more CaO than MgO is present in dwdesilica glasses, a difference in
behaviour is seen with magnesia rich soda-magnesia-silica glasses. In contradiction to
previous data no significant advantage of replacing CaO by MgO is observed. In addition it
appears that the glasses with the lowest fracture toughness values may be more resilient to

contact damage than those with the higher fracture toughness values.

1. Introduction



There is a significant interest in reducing the weight and hence thickness of glass products in
a number of applicatiohsand this will require intrinsically stronger glass prodticé8hilst

very thin high strength glasses, such as Corning Gbrjlass, are routinely produced for
display applications, the processes used are expensive and not suited to bulk glass
applications such as containers and glassware. Bulk glass production is based on a limited
range of soddime-silica (SLS) compositions with 90% of all glass manufactured globally
having this type of compositidnalbeit containing a range of other minor components. Even
within a restricted compositional range some variation of mechanical properties with
composition is to be expected and a number of authors have reported studies looking at such
effectﬁﬂ4'5'6-? Most of the reported work is largely empirical, although Makashima and
Mackenzie suggested an essentially linear model for calculating how the elastic maduli of
range of silicate and borate glasses vary with composition in the 3f070& more recent
collection of Poisson’s ratio data by Rouxel indicates that, at least some aspects, of this
model are incorrects the linear variation of Poisson’s ratio with packing fraction predicted

by the model was not observéd

Other work has given indications of non-linear variations in mechanical properties when one

alkali is exchanged for anot

With reduced ionic mobility in mixed alkali glasses
apparently resulting in reduced plastic flow in indentation. In addition the literature indicates
that alkaline earths also play an important role in controlling the mechanical properties. Thus
the results of Deriano etthd Hand and Tadjﬁ'mdicate that increased fracture toughness
values may be obtained by increasing the MgO content, while reducing the CaO content at
constant Si@and NaO concentrations. The ionic radius and coordination number of Mg are
smaller than those of Ca and thus substitution of MgO for CaO gives higher molar volumes
which it is suggested may explain the increase in fracture tou@mme small size of

Mg there is also debate as to whether magnesium acts entirely as a network thodifier
although the NMR results of Deriano eEIdhdicate that, at least in the compositions they
studied, that MgO does behave as a network modifier in soda-lime-silica glasses.
Alternatively the presence of smaller and mobile alkaline earth ion&'Négher than larger

less mobile alkaline earth ions @aSr* or B&*) might increase plastic flow, and

consequently fracture toughnessobserved for mixed alkali silicate glaﬁses

Another compositional factor that is expected to affect the mechanical properties of silicate
glasses is changes in network connectivity. Thus increasingabithe expense of alkali or



alkaline earth oxides, thereby increasing the network connectivity is reported to enhance
indentation fracture toughnEF@verall therefore the mechanical properties of silicate glasses

do vary with composition and it would be beneficial to identify glasses with high fracture
toughness values, as increased fracture toughness values can reasonably be expected to lead
to increased strengths, although this does, of course, depend on the size of the strength

controlling flaws that are present in the glass.

Hence in the current study, the effects of replacing &ith MgO or CaO, or replacing MgO

by CaO with fixed Si@content on the mechanical properties of glasses based on a simplified
commercial sodéime-silica glass composition are investigated. As well as measuring
mechanical properties, Raman, infra-red and nuclear magnetic resorfdBiceNNIR)
spectroscopies have been used to gain insight into the structural basis for the measured

variations in the mechanical properties of the glasses.

2. Experimental

2.1. Sample preparation

Three series of glasseBlgO-SiG,;, CaO-SiQ & MgO-CaO series) have been produced. |

the MgO-SiO, series theMgO:SiG: ratio was modified whilst in th€a0-SiO, series the
Ca0:SiG; ratio was modified. In both cases the concentration of all other constituents
remained constant. In the MgO-CaO series the MgO:CaO has been modified whilst the
concentration of all other constituents remained constant. The general formula of the MgO-
SiO; series was 13.5NM@-xMgO-10Ca0- 1.5A03:(75 — x)SiOz (mol%) wherex=0, 1, 2, 3,

4, 5, 6, 7; that of the CaO-SiQ series was 13.5N@-3MgO+«(7 + y)CaO-1.5AI03-(75 —

y)SiO, (mol%) where y = 0, 1, 2, 3, 4, 5, 6, 7 and that of the MgO-CaO series was
13.5Na0-zMgO- (13- z)Ca0-1.5A03- 72SiQ (mol%) where z = 1, 3, 5, 7, 9, 11. Glass
codes are of the form }&;S where p, g and r are the batched molar contents of MgO, CaO

and SiQ respectively.

Batches to produce 300 g of glass were batched usind®(%), NaCOs (99.1%), CaC®@
(99.3%), (all from Glassworks Services)NaSQ: (from Acros Organics),
4MgCGQGs- Mg(OH)-5H0 and Al(OH} (both from Fisher Scientific). In most compositions,
~3 mol% of the total N® was supplied using N&8Qs as a refining agent. The well mixed

batch was transferred to a zirconia stabilized platinum crucible and heated to 1450 °C in an



electric furnace for a total of 5 hours. After allowing one hour to achieve a batch free melt a
Pt stirrer was inserted into the melt and the melt was stirred during the remaining 4 hours of
melting during which refining and homogenization occurred. Finally the molten glass was
cast into a pre-heated stainless steel mould. After demoulding the still hot glass was
transferred to an annealing furnace, where it was held at 560°C for one hour and then cooled

to room temperature at a rate of 1°C/min.

~ 20%x20x3 mm samples were cut from the annealed glass bar on Buehler ISOMET 5000. The
samples were successively ground using MetPrep 120, 240, 400, 600, 800 and 1200 SiC
grinding papers and finally successively polished using MetPrep @il based), 3um (oil

based) and lum (water based) diamond suspensions to achieve a mirror like finish. To

remove residual stresses arising from the cutting, grinding and polishing the samples were re-
annealed by heating to the annealing temperature at 1°C/min, holding for one hour and then
cooling down to room temperature at a rate of 1°C/min. A polariscope was used to check that

the residual stresses had been removed by the re-annealing.

2.2 Chemical and physical measurements

The chemical compositions of the as-produced glasses were measukRIF at Glass
Technology Services, Sheffield. Density was meabsuséng Archimedes’ principle with

distilled water as the immersion medium on a Mettler Toledo density balance. Differential
thermal analysis was used to measure the glass transition temperatures of the glasses
produced glasses. A Perkin Elmer Pyris 1 TGA was used. Fine powder samples were heated
up to 1000 °C at a heating rate of 10 °C/min, cooled down to room temperature at the same
rate and then re-heated up to 1000 °C again at 10 °C/min. The glass transition temperatures

were obtained from the second heating curve using the in-built Perkin-Elmer software.
2.3 Structural analysis
Structural analysis was primarily conducted using Raman spectroscopy. Some samples were

also studied using magic angle spinning nuclear magnetic resonance (MAS-NMR) to confirm

the data obtained from the Raman analysis.



Raman spectra were obtained using a Renishaw InVia Raman Spectrometer. Before each test
the instrument was calibrated using a Si wafer reference standard. Excitation of the polished
and annealed glass surfaces was undertaken using a 514.5 nm laser at a laser power of 20
mW. The laser beam was magnified 50x and focused at a depth just beneath the polished
surface. The exposure and acquisition times were both 10 s. The raw data were transferred to
Labspec software and a baseline fitted by linearly connecting four points where the spectra
goes to zero following the method of Colomban &t dlhis baseline was subtracted from the
spectra which were then exported to Peakfitv4.12 software in order to calculate the area

under the bands of interest.

29Si NMR analysis of selected samples was undertaken #88igNMR analysis was
undertaken using Varian Unity Inova 300. 0.5-1.0 grams of powdered samples were tested
at the EPSRC National Solid State NMR servateghe University of Durham, UK. The
chemical shifts of thé°Si NMR spectra of the samples are referenced to tetramethylsilane
(TMS). Pulse angle, acquisition time and resonance frequency were set to 45°, 40.00 ms and
59.557 MHz respectively.

2.4 Mechanical property measurements

Hardness was assessed using Vickers indentation. The polished surfaces were indented with a

load of 9.81N for 20 seconds using a Mitutoyo Vickers indenter. The number of indentations

made on each composition was ~10. The hardness was calculated using
_1.854

AV d2

where d is the length of the indent diagonals.

H

(1)

Fracture toughness of the glasses was measured using bend testing with a controlled defect
introduced via Knoop indentation in accordance with the BS EN I1SO 18756-*2@@5dard.

The samples were bars 3.5 x 4.0 x 46 mm on average, cut from the as cast bulk glass blocks
and the side to be placed in tension successively ground to a 600 grit finish. In order to
prevent possible notch tip blunting, samples were annealed, prior to introducing the Knoop
indentation at the centre of the 46 x 4.0 mm face using a 2 kg (19.62 N) load. The indentation
process can introduce further residual stresses as well as lateral cracks, that might modify the

stress intensity at the crack tip and consequently give erroneous fracture toughness



valueg*151617 The standard therefore recommends grinding the indented surface of the
specimen in order to remove the residual stress zone, however grinding can also introduce
extra residual stresses in glaﬁeﬁence in order to clarify the effect of residual stress on the
fracture toughness, specimens wprtepared both ‘as-indented’” and ‘ground’, where in line

with the standard, residual stresses due to the impression were minimized by gently grinding
20-25 um from the specimen surface using 600 grit grinding paper in a direction
perpendicular to the Knoop indent long diagonal. No significant differences were seen in the
results obtained with the two conditions.

A four point bend fixture with articulating rollers was used with inner and outer spans set to
20 mm and 40 mm, respectively. The fixture was mounted on a Hounsfield TX0038 universal
testing machine. In order to minimize environmental effect whilst the specimens are bent, the
pre-crack was filled with silicone oil and approach speed and crosshead speed were set to
0.25 and 0.5 mm/min, respectively. A total of 177 specimens were prepared across all the
compositions studied and 123 specimens fractured properly from the controlled defect and

therefore analysed further. The fracture toughness was calculated using
3PS
ch :YmaxW\/a_ (2)

where P is load, nax is the maximum stress intensity factor (see appendix for details), S is
the span between the inner and outer loading points, B is plate thickness, Wis plate width and

a is flaw depth.

The geometry of the sendlliptical crack causing fracture was assessed from the fracture
surfaces using the Buehler multi focus tooleoNikon Eclipse LV150 microscope equipped
with Buehler OMNIMET 9.5 software. If the geometry of the characterized pre-crack did not
meet the requirements of Annex B in BS EN ISO 18756:@)0&9 result was rejected.

Brittleness was obtained from the measured hardness and fracture toughness values using
HV

B= . 3)

Ic
Elastic moduli of the produced glasses were obtained by measuring the longitudirmaddV
transverse (¥ ultrasonic wave velocities using an Olympus Epoch 6000. The shear modulus,

G, was obtained using



G=pV, (4)
where p is density, and Young’s modulus, E, was obtained using

(3v:-a)

_ 2
E=pV/ —(Vf —VT2) .

(5)

To minimise the cumulative error Poisson’s ratio and bulk modulus were also obtained from

the wave velocities using

(v -27)
' 2(V2-Vy?) ©)
and
2 ay2
K=p 22 @

respectively.

3. Results and Discussion

3.1. Chemical and physical measurements

The analysed glass compositions are given in table 1. Although there is generally good
agreement between the batched and measured values there are small systematic differences.
In particular the magnesia values tend to be lower than batched, whereas the lime ones tend
to be slightly higher. In addition the soda values tend to be slightly low for the CaO-SiO
series and the alumina tends to be low for the MgO-CaO series. Iron is also found as an
impurity in all of the glasses and traces of Zn were found in some compositions. Overall all

of the glasses were deemed to be close enough to the batched composition to be used in the

rest of the study.

Table 1 Analysed glass compositions (mJt%RF data normalised to give mol%. Batched
compositions were 13.5Ma-xMg0O- 10Ca0- 1.5A03:(75 — X)SiO2 (mol%) wherex = 0, 1,
2,3,4,5,6,7 for the MgO-SiQeries; 13.5N#®-3MgO- (7 + y)CaO- 1.5A03:(75 — y)SiO,

(mol%) wherey =0, 1, 2, 3, 4, 5, 6, 7 for the CaO»Si€ies and 13.5N@-zMgO- (13-



z)Ca0- 1.5AI03- 72SiQ (mol%) where z=1, 3, 5, 7, 9, 11 for MgO-CaO series. Glass codes
are of the form MCqS: where p, g and r are the batched molar contents of MgO, CaO and

SiO; respectively. For convenience glassOwSr2 appears in all 3 datasets.

Glass . Y[RO] [MgO]
SiO2 Na2O CaO MgO Al203 FeOs ZnO SOs _
code /[SiO2] /Z[RO]

MoC10S7s  74.87 13.28 10.33 0.00 149 0.03 0.00 0.00 0.138 0.000
Mi1Ci0S74a 74.07 1351 9.89 1.00 152 0.03 0.00 0.00 0.147 0.092
M2C10S7z 73.01 13.31 10.29 1.88 148 0.04 0.00 0.00 0.167 0.155
M3Ci10S72  72.20 12.88 10.40 298 152 0.03 0.00 0.00 0.185 0.223
M4C10S71 70.67 13.43 10.39 382 152 0.03 0.00 0.15 0.201 0.269
MsCi0S70  69.65 13.76 10.23 4.82 151 0.04 0.00 0.00 0.216 0.320
MeCi10Se9 68.93 13.34 10.33 580 154 0.03 0.02 0.00 0.234 0.360
M7C10Ses  68.04 13.29 10.39 6.76 145 0.04 0.01 0.00 0.252 0.394

M3C:Srs 75.54 12.80 7.24 289 145 0.03 0.00 0.00 0.134 0.285
M3CsSr4  73.82 1358 8.25 283 149 0.01 0.00 0.00 0.150 0.256
M3CoS7z  73.11 13.09 931 288 154 0.03 0.03 0.00 0.167 0.236
M3C10S72  72.20 12.88 10.40 298 152 0.03 0.00 0.00 0.185 0.223
M3C1iS7n 71.00 13.06 11.43 296 151 0.03 0.00 0.00 0.203 0.206
M3C12S70  70.16 13.15 12.27 2.87 149 0.03 0.00 0.00 0.216 0.190
M3Ci13Se9 68.99 13.24 13.34 287 152 0.03 0.00 0.00 0.235 0.177
M3Ci14sSeg 68.05 13.23 14.34 287 148 0.05 0.00 0.00 0.253 0.167

M1C12S72 72.08 13.50 12.13 1.00 126 0.03 0.00 0.00 0.182 0.076
M3Ci10S72  72.20 12.88 10.40 298 152 0.03 0.00 0.00 0.185 0.223
MsCeS72  72.75 13.07 820 4.76 1.18 0.04 0.00 0.00 0.178 0.367
M7CeS72  73.04 1291 6.19 6.66 1.17 0.03 0.00 0.00 0.176 0.518
MoCsS72  72.60 13.13 4.12 8.89 122 0.04 0.00 0.00 0.179 0.683
M11CS2  72.12 1353 2.03 11.01 126 0.03 0.01 0.00 0.181 0.844




3.2. Structural analysis
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Figure 1: Normalised Raman spectra for a) the MgO>Sébies and b) the CaO-Si€eries

glasses
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Figure 2: Normalised Raman spectra for a) the lowest alkali oxide earth content glasses
(MoC10S7s and MC7Szs) in the MgO-SiQ and CaO-Si@series, b) the highest alkali earth



oxide content glasses (&10Sss and MsC14Ssg) in the MgO-SiQ and CaO-Si@series and c)
the MgO-CaO series

Figure 1 shows Raman spectra for both series of glasses studied here; the spectra have been
normalised to the same total area under the curve after baseline subtraction following the
method of Le Losq et &l It is clear that all of the spectra exhibit the same major 3 features
namely a broad band between ~300 and 700 ¢raferred to in the following as region A),

which is associated with bending modes of silica tetrah®dr&??, a small band centred on
~785cm ! (referred to in the following as regior) Bnd a broad band between ~900 and 1300

cmit (referred to in the following as region C). Regions B and C are associated with

stretching modes of silica tetrahedra with the former being due to silicon Aot

unitﬁland the latter to stretching motions involving Q?, Q® and @ unit§FJ*9 It can also

be seen that the shoulder at ~500'craduces as the MgO:Si®@r CaO:SiQ ratio increases

(see figures la and 1b); and this shoulder increases as the MgO:CaO ratio increases (see
figure 2c). The presence of this feature is associated with 5, 6 or higher membered silica rings
and this suggests that the average ring size is smaller in the glasses with lower silica or ones
containing larger amounts of @)The shoulder at ~ 1000 chincreases as the alkaline

earth content increases for both series of glasses indicating that the amount of non-bridging
oxygen increases as Si@ replaced with either MgO or C&0 In addition as the total
alkaline earth oxide conteirtcreases the position of the peak at ~ 600 @hifts to higher
wavenumbers. McMiIIzF_?I has suggested that in silicate glasses, a reduction in the degree of
polymerization and in SiDcontent shifts the position of the 400-700 timand to higher
frequencies. Overall these changes indicate that in both series there is increasing

depolymerisation of the glass network as the alkaline earth oxide content ifcfteases

The feature at 990 crhis believed to be related to dissolved sulphur which will originate
from the NaSQ;, used for fining®, although no sulphur was detected in most of the XRF test
results for the glasses produced here. HoweveiS®avas not added to the K210Ssg batch

and this shoulder did not appear in the spectra @3:18%¢s supporting the assignment of this

band to dissolved sulphur.

Many studies have attempted to decompose and calculate the contributions from different Q
species to the peak in region C. However the fabricated glasses here eootastant
amount ofAl20s (~1.5 mol%) which can be expected to behave as a network former, due to

the presence of sufficieilaO to provide the necessary charge balance. Due to the



complexities of quantification of {8i) and J(Al) species in this spectral ra@detailed Q

species quantification has therefore not been undertaken here. Instead the Raman
polymerization index which is given by the ratio of the intensity of region C to thaeof th
region A has been used to gain insight into the degree of polymerization, with a higher value
of this index indicating a greater degree of connecf®dty To obtain the total area under the
peaks in region A and region C the spectra in these regions were fitted by 4 or 5rGaussia
bands as required. For the spectra which contain a sulphate shoulder at 98 aslevant
Gaussian was then excluded from the subsequent area and polymerization index calculations.
The degree of polymerization, as measured by the Raman polymerization index, decreases as
a function of [MgO +Ca0]/[SiOy] increaseqsee Figure 3a). Figure 3b shows that a higher
MgO content for a given SiOtends to give a higher value of the Raman polymerization
index. Although in principle the data in figure 3a can be replotted in terms of the MgO /
(MgO + CaO) ratio no further insight is gained as the variation of alkaline earth to silica
content tends to dominate the observed behaviour of the polymerization index for the MgO-
SiO; and CaO-SiQ series glasses. Figure 3b does however indicate that there are some
changes in network polymerization as MgO is substituted by CaO when all other components

are fixed.
o) o)
2125 2 125
- 1201 v MgO-SiQ, series ‘= 120
o - a CaO-SiQ series S 20 %
= 1.15+ g 115 o
-g 110 T -% 1.10 |- % e
1.05 KA L
£ s £ s,
8_ 1.00 i g 1.00 —
c 0.95- e . c 0951
£ 090 e £ 090
$ oss ‘ ‘ | S oss | | | |
0.10 0.15 0.20 0.25 0.2 0.0 0.2 0.4 0.6 0.8 1.
MgOJ+[CaQ])/[SiO.
a) (IMgOJ+[CaQ])/[SiO)] b) [MgOJ/[(Ca0)+(MgO)]

Figure 3: Raman polymerisation index for a) the MgO-5g@ries and CaO-Si3eries
glasses as a function of total alkaline earth content divided by silica content and b) for the

MgO-CaO series as a function of MgO content divided by total alkaline earth content

29Si NMR spectroscopy of selected samples from the MgQ-&i@ CaO-Si@series glasses
was undertaken to provide an independent measure of'thgefes present in a selection of
the glasses studied here and the results are shown in figures 4a and 4b. It can beaseen that

either MgO or CaO are substituted for Sile same general changes in the spectra occur. As



shown by two examples in figure 5 all of the NMR traces can be fitted with just 2 Gaussians,
one at chemical shift of approximatel$05 ppm indicating the presence df §jlicate units

and the other at a chemical shift of approximatéd2 ppm indicating the presence of Q
silicate unit$®?°. NMR gives no evidence of QQ' or @@ species being present in these

glasses.
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Figure 4. °Si NMR spectra for selected glasses from a) the MgQ-§li&3s series and b)
the CaO-SiQ@glass series.
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100 350 —
345 al - s
80 /»70—4//
8_, o= . . . > 340 ~++// e ™
© e Q° MgO-SiQ, series = r&‘// s
<= 60 " . ) = 335+ Koy 7
c Q" MgO-SiQ, series = - -
] 3 i X O - //
© Q’ CaO-SiQ series g 3.30+ e %
o 40F ¢ Ca0-SiQ seri S
o 4 Q' CaO-SiQ series g 3050 //Fz //
@) el e MgO-SiQ, series theoretical
L 320 7 U o werice oS
20 P “ MgO-SiQ, series fronf°si NMR
3.15F M//} " Ca0-SiQ series theoretical
0 ! ! ! ! ! ! 310 //‘ ‘ |+ Ca0-Sigseries fronf9§i NMR
012 014 016 018 020 022 024 0 “085 090 095 1.00 1.05 110 115 120 1
a) [MgO+CaOJ/[SiQ] b) Raman polymerisation index
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the data for both the MgO-Si@nd CaO-Si@series glasses).

Figure 6a shows that the amount of icreases and ‘Qecreases as either MgO or CaO
replace SiQin the MgO-SiQ or CaO-SiQ series glasses. Although the structural changes
are very similar in both cases, at low MgO contents the MgQ-&es glasses seem to be
slightly more polymerised than the equivalent CaO:>Si€ies glasses and vice versa for the
high MgO content glasses. It can be seen from figure 6b that the connectivity as calculated
from the NMR data increases with increasing Raman polymerization index, as does the
connectivity calculated from the measured compositions, even though precise numerical
agreement between these two approaches is not obtained. However the overall similarity in
trend gives confidence that the Raman polymerization index can indeed be used to assess the
network connectivity of the glasses studied here. The observed changes in the amofints of Q
and @ species with increasing alkaline earth oxide content are consistent with the work of
Jones et & and Deriano et .They found that additions of Catd a NaO-SiQ glass
reduced the amount of*@vhilst the amount of Qincreasﬁ and that substitution of MgO

for SiO, lowered the amount of ‘Qas the amount of Yspecies increased in magnesium
sodium silicate glass&s This is also in agreement with Hauret et?akkho when comparing

the imaginary dielectric function of soda-magnesia-silica and ko@ssilica glasses found

that both MgO and CaO behaved similarly as network modifiers. Although the field strength
of MgO is larger than that of CaO no significant effects of cationic field strength were
observed in the MgO-Siand CaO-Si@series, even though such effects have been reported

for alkali oxideﬁr“’*. Taken together figures 3 to 6 clearly show that modification of the




MgO-SiQ, and CaO-Si@ series glasses due to either MgO or CaO substituting for iSiO

very similar with both species acting as modifier species. It should be noted that in both of
these glass series there is always more CaO present than MgO. The data for the MgO-CaO
series shown in figure 3b does indicate that there is some difference in behaviour when CaO
is directly replacedy MgO resulting in glasses containing less CaO than MgO unlike what is
seen in either the MgO-SiQeries or the CaO-SiQeries. In this case the MgO rich glasses

do tend to have a higher Raman polymerizatio@xndeaching the same levels as seen with
highest silica contents in the other two glass series. This does suggest that MgO has a notable
effect on the network forming behaviour in silicate glasses, but only if it is the dominant

alkaline earth species.
3.3 Mechanical properties

Table 2 summarises the physical and mechanical data obtained for the glasses investigated
here. In all three series @lasses Young’s modulus, shear modulus, Poisson’s ratio, bulk

modulus and hardness all increase with increasing alkaline earth content and thus increase
with decreasing Raman polymerisation index. Hence for the range of glasses studied here
decreased network connectivity correlates with increased moduli and hardness indicating the

importance of network packing for these glasses.

Table 2. Physical and mechanical properties of the glasses studied here. Glass codes are of
the form M\CqS where p, q and r are the batched molar contents of MgO, CaO and SiO
respectively. See table 1 for analysed compositions. For convenience glasS/Mappears

in all 3 datasets.

Brittle E/
Glass p Kic
Hv /GPa ness GPa G /GPa v K/ GPa
code Mg m=3 /MPa m%3 o
/pm—1/2
MoCiSs  2.465 + 0.001 71.9+06 29.9+0.1 0.201+0.005 40.1+1.6 580
M:CiSs  2.475+0.001 546+0.06 0.80+0.09 6.8+0.8 725+06 30.0+0.1 0.207 +0.005 412+16 575
M.CioS;s  2.480+0.001 552+0.09 0.82+0.06 6.7+05 725+0.8 30.1+0.1 0.204 +0.006 40.8+2.0 577
MsCiS»  2.485+0.001 5.63+0.09 0.82+003 6.9+0.3 73.3+04 30.3+0.1 0.211+0.004 423+12 580
MiCioSr1  2.496 £0.001 5.64+0.10 0.89+0.08 6.3+06 73.6+0.6 30.3+0.1 0.214+0.005 429+17 579
MsCioSro  2.504 £0.001 5.72+0.05 0.85+0.10 6.7+0.8 74.0+0.7 30.4+0.1 0.217 +0.005 43.6 £2.0 574
MeCiSeo ~ 2.513+0.001 5.73+0.06 0.88+0.05 6.5+0.3 740+0.8 305+0.1 0.213+0.006 43.0+22 580
M;CioSs  2.520 £0.001 5.96+0.08 0.80+0.09 7.4+08 756+0.7 31.1+0.1 0.214+0.005 44.1+1.9 575
MsC/S;s  2.445+0.001 71.8+0.6 30.0+0.1 0.197 +0.005 395+15 563



M3CsS74 2.462 +0.001 5.37+0.08 0.78 £ 0.06 6.9+0.6 720+£0.7 30.0+0.1 0.199+0.006 39817 578
M3CoSr3 2.474+£0.001 5.50+0.05 0.83+0.09 6.6+0.7 72.7+0.7 30.3x0.1 0.201+0.006 406+1.7 583
M3C10S72 2.485+0.001 5.63+0.09 0.82+0.03 6.9+0.3 73.3+x04 30.3x0.1 0.211+0.004 423+1.2 580
M3C11Sn 2.504 +0.001 5.65+0.05 0.89£0.05 6.4+04 740+£0.7 305+01 0.213+0.006 429+1.9 584
M3C12S70 2.508 £0.001 5.69+0.08 0.90 £ 0.05 6.3+x0.4 73.8+05 30.3x0.1 0.217 +£0.005 43.4+15 582
M3C15Se9 2.529 +0.001 5.69+0.08 0.86 £ 0.06 6.6+0.5 749+10 31.0+0.1 0.207 £0.005 42.7+25 572
M3C14Ses 2.542 +0.001 5.81+0.03 0.95+0.03 6.1+0.2 756+09 31.2+0.1 0.213+0.005 439+24 573
M1C12Sr2 2502 +0.001 5.39+0.01 0.86+0.03 6.0+0.2 73.7+06 304+01 0.211+0.003 425+15 574
M3C10S72 2.485+£0.001 5.63+0.09 0.82+0.01 63+£0.1 733+x05 30.3+0.1 0.211+0.002 423+1.2 571
MsCsSr2 2.469+0.001 5.33+0.01 0.73%x0.01 72+01 732+x09 30.3+x0.1 0.207+0.004 41.6+23 551
M7CsSz2 2.457+0.001 5.25+0.02 0.78+0.05 6.9+0.5 72.8+09 304+0.1 0.199+0.004 40.3+2.2 556
MoCsSr2 2.446 £0.003 5.21+0.01 0.76 £0.02 74+£02 71.4+x09 29.6+x0.1 0.205*0.004 40.3+2.3 558
M11.CoSr2 2.433+0.001 5.16+0.02 0.78+0.06 6.9+0.6 70.7+£09 294+0.1 0.203+0.004 39.6+£2.2 561
77 6.2

D‘? 76 |- ° MgO—S'iOZ sell'ies o MgO-SiQ, series

o v CaO-SiQ series o 80 & v CaO-SiQ series

o 75F = MgO-CaO series o = MgO-CaO series

% 74+ Q sar

£ 73 8 5.6

T s :

w72+ = [

[e)) © 5.4+ g

S 1t T =

o 52| = om

> 701 ' =

69 1 1 1 1 1 1 1 5.0 1 1 1 1 1 1 1
085 090 095 1.00 105 110 115 1.20 1 085 090 095 100 1.05 1.10 115 120 1
a) Raman polymerization index b) Raman polymerization index
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From tables 1 and 2 it is clear that there is no simple correlation between the changes in the
observed properties and the magnesia content as a fraction of the total alkaline earth content
in contrast to the earlier reports of Deriano ﬁamd Hand & Tadjiﬁ Figure 8 compares

the fracture toughness behaviour as a function of [MgO]/2[RO] for the current study (figure

8a) and the data taken from Hand and Tadjiev (figure 8b). Inasmuch as figure 8a shows any
sort of trend it appears that fracture toughness may be decreasing with increasing magnesia
content which is the opposite behaviour seen in figure 8b. It should be noted that Hand and
Tadjiev measured indentation fracture toughness, rather than using a bend test with a
controlled defect to measure fracture toughness as is the case here. Although indentation has
been widely used as a convenient method for measuring fracture toughness of brittle
materials in general and glasses in particular (see, for example, Barléf,ataddemir et

aIEI} its validity has been significantly questiofednd the opposing trends seen in figures

8a and 8b raises further questions about the validity of the approach.

From figure 8a and table it can seen tha v¥ariations in fracture toughness are quite
significant. The lowest fracture toughness value is 0.73 M¥ (for glass MCsSr2) and the

highest is 0.95 MN ni”? (for glass MCi4Ses). Thus the highest fracture toughness was
obtained from the composition with the largest amount of lime but lowest amount of silica. It

is also notable from the figure that the fracture toughness drops quite rapidly with decreasing
CaO content. Meanwhile there is relatively little variation in fracture toughness for the high
magnesia glasses although the error bars are larger in this region. Thus for conventional soda-
lime-silica glasses (on which the current compositions are all based) there would appear to be
some benefit in increasing lime at the expense of silica to obtain higher fracture toughness

values.
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along with data taken from Rouxel & co-workt#>

Recently Rouxel and co-workéf$’ have looked at how the damage arising from indentation
behaviour changes with Poisson’s ratio. Using their definitions concerning the ease of corner

cracking around indentations the glasses studied here essentially fall into the semi-resilient
glass category (0.20 x < 0.25), although the lowest alkaline earth glasses tend to just fall
into resilient glass category (0.15 < v < 0.20). The data in table 2 suggests that fracture
toughness tends to increasePassson’s ratio increases although the correlation is not very
strong. When this data is plotted along with bend test fracture toughness data published by
Rouxel and co-worke?&®® this correlation is more obvious although one point (which
corresponds to a glass with a higher packing density) indicates other factor may be important.
However combining these results does indicate that resistance to cracking arising from
contact damage may tend to correlate with lower rather than higher fracture toughness. Thus
glasses that are more resistant to crack growth from a pre-existing defect may actually be
easier to damage. This is because glasses with lower packing densities tend to have lower
Poisson’s ratios (although for the glasses studied here Poisson’s ratio is not strongly
correlated with packing density as they fall into the near vertical part of the correlation found
by Rouxﬂ and thus they can densify more easily giving rise to better contact resistance.
However this does still raise the issue of whether it is better to have a glass that is more
resilient to contact damage, therefore presumably making it more difficult to create a strength
controlling defect, or for the glass to be more resistant to fast fracture once some damage has

occurred?



4. Conclusions

For the MgO-SiQ series and CaO-SpQlasses increasing the alkaline earth content at the
expense of the silica content reedlin increased network depolymerisation, whereas for the
MgO-CaO series when MgO became the dominant alkaline earth species, network
depolymerisation was reduced. It was also found that the moduli and hardness reduced as the
network became more depolymerised. Thus while MgO and CaO both act as network
modifiers when more CaO than MgO is present in dmdesilica glasses, as one moves
towards magnesia rich soda-magnesia-silica glasses with a low lime content a difference in
behaviour is observed. However, in contradiction to previous data no significant advantage of
replacing CaO by MgO was found. In the case of the fracture toughness measurements this
may be associated with the fact that bend testing rather than indentation testing has been used
here; it is appears that the glasses with the lowest fracture toughness values may be more

resilient to contact damage than those with the higher fracture toughness values.
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Appendix

For the single edge notch bend t¥s], is greater value of eithef, or Y, which are given by

Y, =(VzMH, )/ Q (A1)
Y, =(JzMsH,)/Q (A2)
where

Q=1+14643g/c)™ (A3)



o-fuse-0of2)]-[- ose 0% I 2]

(A4)

+ {0'5_@ + 1{ 1_%]24}(%)4

S= {1.1+ 0.35{\%ﬂ\/§ (A5)

M, =1-| 0.34 0.1E9ﬂ(—a] (A6)
] c)|lw

ot o 2 G

where a and are the crack depth and half surface crack length and W is the specimen depth.
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