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Abstract Cast glass has great potential for diverse
load-bearing, architectural applications; through cast-
ing, volumetric glass components can be made that take
full advantage of glass’s stated compressive strength.
However, the lack of engineering, production and qual-
ity control standards for cast glass and the intertwined
ambiguities over its mechanical properties-particularly
due to the variety in chemical compositions and the lack
of understanding of the influence of flaws occurring in
the glass bulk-act as an impediment to its wide-spread
application. Addressing the above uncertainties, this
work studies a total of 64 silicate-based glass speci-
mens, prepared in 20* 30 * 350 mm beam size, either
by kiln-casting at relatively low forming temperatures
(970-1120 °C), or by modification of industrially pro-
duced glass. For the kiln-casting of the specimens, pure
and contaminated recycled cullet are used, either indi-
vidually or in combination (composite glasses). The
defects introduced in the glass specimens during the
casting process are identified with digital microscopy
and qualitative stress analysis using cross polarized
light, and are categorized as stress-inducing, strength-
reducing or harmless. The Impulse Excitation Tech-
nique is employed to measure the Young’s modulus
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and internal friction of the different glasses. Differ-
ential Scanning Calorimetry is used on a selection of
glasses, to investigate changes in the glass transition
range and fictive temperature of the kiln-cast glasses
due to the slower cooling and prolonged annealing.
The four-point bending experiments are shedding light
upon the flexural strength and stiffness of the differ-
ent glasses, while the fractographic analysis pinpoints
the most critical defects per glass category. The exper-
iments show the flexural strength of cast glass ranging
between 30—73 MPa, according to the level of contam-
ination and the chemical composition. The measured E
moduli by both methods are in close agreement, rang-
ing between 60—79 GPa. The comparison of the flex-
ural strength with prior testing of cast glass involv-
ing shorter span fixtures showed a decreasing strength
with increasing size for the contaminated specimens,
but similar strengths for pure compositions. The results
highlight the versatile role of defects in determining the
glass strength and the complexity that arises in creat-
ing statistical prediction models and performing quality
control.

Keywords Cast glass - Glass flexural strength -

Glass defects - Recycling of glass waste - Mechanical
properties of glass - Glass contamination

1 Introduction

Only within the last two decades, have we seen archi-
tectural projects exploring the structural potential of
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cast glass components, such as the Atocha Memo-
rial (Paech and Goppert 2008) and the Crystal Houses
(Oikonomopoulou et al. 2018a,b). Recent research by
the authors has further shown that casting glass com-
ponents for architectural applications can be a promis-
ing upcycling approach for currently discarded glass of
a variety of chemical compositions (Oikonomopoulou
etal. 2018c; Bristogianni etal. 2018, 2019). Volumetric
glass components are anticipated to tolerate a far higher
contamination rate than thin-walled glass, allowing for
the closed-loop recycling of different glass types in
their as-received condition (e.g. coated glass), reducing
in this manner the need for treatment and purification.

Yet, despite the rising interest on cast glass from
architects, designers and engineers, the lack of a stan-
dardized production method, quality control process
and relevant engineering data and thus, the intertwined
knowledge gaps on the strength of such components,
hinder the upscaling of its application. Added complex-
ity is introduced in the case of the aforementioned envi-
ronmental aspirations, where recycled glass cullet and
lower casting temperatures are employed to reduce the
carbon footprint of cast glass components. The pres-
ence of impurities in the batch and the high forming
viscosities introduce inhomogeneities in the cast glass,
creating unique identities of mechanical and aestheti-
cal properties, closely related to glass composition and
inherent defects.

This study addresses the uncertainties surround-
ing the design strength and stiffness of cast silicate-
based glasses, and the quality control procedure to be
followed, as a continuation of previously published
research by Bristogianni et al. (2020).! For this pur-
pose, 20 * 30 * 350 mm glass beams are kiln-cast at rel-
atively low forming temperatures (970-1120 °C), using
pure and contaminated silicate-based cullet, either indi-
vidually or in combination. Reference specimens made
from industrially produced glass are employed for com-

! This work explores the flexural strength and stiffness of
30*30*240 mm recycled glass beams. The specimens are kiln-
cast at 820—1120 °C using different types of pure and contami-
nated silicate-based glasses. The occurring glass defects are doc-
umented and correlated to the used casting parameters. The four-
point bending experiments on the pure and contaminated speci-
mens show a flexural strength range of 9-72 MPa. The Young’s
modulus of the more homogeneous glass beams ranges between
65-79 GPa. The test results are analysed according to the role
of the chemical composition, level of contamination and fol-
lowed casting parameters, in determining the flexural strength,
the Young’s modulus and the prevailing strength-limiting flaw.

@ Springer

parison. The beams are tested by Impulse Excitation
and in four-point bending (4PB), to derive their stiff-
ness and flexural strength. Purpose of this work is to
(1) verify the previously obtained stiffness and flexu-
ral strength data while improving the accuracy of the
four-point bending experiments, (ii) investigate if a
longer fixture span affects the flexural strength, (iii)
cross-check the E moduli resulting from the 4PB mea-
surements with values obtained from non-destructive
testing methodologies such as Impulse Excitation, (iv)
examine changes in the glass nano-structure due to a
longer cooling and annealing scheme, and how this
thermal history affects the macro-properties, (v) fur-
ther analyse the profile of the different casting defects
and investigate how critical they are, and (vi) experi-
ment with the concept of improving the glass strength
by engineering composite glasses.

2 Experimental work
2.1 Specimen preparation and analysis

For the purposes of the four-point bending experiments,
beams of 20 *30 * 350 mm size are kiln-cast from dif-
ferent pure or contaminated silicate-based glasses, in
triplets per glass type. To achieve comparable data to
preceding research (Bristogianni et al. 2020), the study
focuses on the same characteristic commercial silicate
glasses as the ones used before, and adopts the same
casting process and thermal history for the majority
of the samples (unless otherwise stated). The chemical
composition of the glass cullet types is defined by X-
ray fluorescence (XRF) analyses conducted with a Pan-
alytical Axios Max WDXRF spectrometer. The beams
are kiln-cast in silica-plaster investment moulds (Crys-
talcast M248%) using an ROHDE ELS 200S or ELS
10008 electric kiln (Fig. 1). The forming temperatures
range from 970 to 1120 °C, corresponding to viscosi-
ties between 10°~103 dPa s. The moulds containing
the glass cullet are heated up to the selected forming
temperature per glass type with a rate of 50 °C/h, kept
at that temperature for 10h, and then cooled in the same
kiln with a rate of — 160 °C/h to a temperature 20 °C
above the annealing point. There a dwell of 5h takes
place before cooling down to the annealing point with

2 Crystalcast M248 is an investment powder made of 73% silica
powder (cristobalite, quartz), 23% calcium sulphate (gypsum)
and 1% organics (Goodwin Refractory Services 2003, 2019).



On the flexural strength and stiffness

149

a rate of — 3 °C/h, annealing there for 10 h, and then
controllably going down to the strain point with the
same rate before cooling down to room temperature in
a faster pace. Information on the chemical composition
of the selected glasses, and on the forming and anneal-
ing temperatures used per glass type can be found in
Table 1. The only exception to the above described fir-
ing schedule is the sample type “FT? Float 1120 °C,
2h, — 50 °C/h”. In this case, a shorter dwell time of 2h
is kept at forming temperature, and a slower cooling
rate of — 50 °C/h instead of — 160 °C/h is used for the
cooling segment to the 20 °C above annealing point
temperature. The different firing schedule is selected,
in this case, to investigate the effect of the thermal his-
tory to the mechanical properties of the glass sample.
For the same reason, several glass types are kiln-cast at
several top temperatures (e.g. Poesia kiln-cast 970 °C
vs 1070 °C).

Apart from the beams produced by a single cullet
type, two different composite glasses are engineered.
The selection of the glasses to be mixed is based on
the purity of the cullet, and the stiffness and flexu-
ral strength of the individual cast glasses (as defined
by (Bristogianni et al. 2020)). Goal of this mixing is
to either locally (e.g. bottom beam surface subjected
to maximum tension during bending) or globally rein-
force a beam made from a weak/contaminated glass
with a small percentage of stronger/purer compatible
glass. The used ratio of pure to contaminated/weak
glass is 1:3. The two produced combinations involve
float glass of:

(1) AGC Blue cullet (pure, E modulus = 76.5 GPa,
Flexural strength = 63 MPa, density*~ 2.548 g/cm?)
mixed with FT Float (pure but prone to crystal-
lization, E modulus = 72.7 GPa, Flexural strength
= 44 MPa, density~ 2.508 g/cm3). In this com-
bination, a localized reinforcement at the beam’s
bottom surface is achieved. Additional specimens
are produced with localized reinforcement at the
beam’s side surface, exposing in this manner both
the pure and weak glass qualities to the zone of
maximum tensile stress. These additional speci-
mens serve to investigate if the pure/weak glass

3 FT refers to glass shards collected from Fully Tempered float
glass panes. The heat-treatment history of the shards is erased
during casting and the final kiln-cast components are simply
annealed.

4 Density measured with the Archimedes’ Principle.

interface is a stress inducing factor that can lead
to component failure.

(i) AGC Clear pure cullet mixed with contaminated
Maltha Car windshields cullet (Flexural strength
= 41 MPa). The clear glass in this case diffuses
throughout the beam’s mass, leading to a global
improvement of the properties.

Prior to arranging the different cullet types inside the
mould, a simple two step test showing the viscosity and
density differential between the mixed glasses is made
at the selected top temperature, as seen in Fig. 2. The
information derived from this test are used in com-
bination with the selection of cullet size, in order to
engineer the desired composite glasses. More specifi-
cally, in the first scenario (i), the AGC blue glass will
soften faster at the selected top temperature, and flow
to the bottom of the mould due to its higher density. A
localized reinforced surface out of AGC blue glass can
be produced, either by placing the coarse (as received)
blue shards at the bottom of the mould and then plac-
ing on top the FT shards, or by arranging the blue cullet
sideways, parallel to an FT float part precast into one
piece, which due to its size will take longer to melt
(confining thus the blue glass in its specified region).
For the second scenario (ii), given that the two glasses
have very similar melting behavior—with the contam-
inated one being slightly heavier and the pure one less
viscous—an arrangement of the pure cullet at the bot-
tom of the mould in combination with a long dwell time
of 10h at top temperature, will promote the diffusion
and intermixing of the two glasses leading to a more
global reinforcement (Figs. 3, 4).

All kiln-cast specimens are cast with their side sur-
faces (20 * 350 mm) oriented at the bottom and top of
the mould. The beams are produced at a 40 mm height,
and then cut to size (30 mm) with a water-cooled rotary
diamond wheel cutter. This step is necessary to remove
compositional inhomogeneities, seeds, stones and craz-
ing often occurring at the top cast surface. Then, the
specimens are ground and polished using a Provetro
flat grinder and diamond abrasive discs in sequence of
60, 120, 200, 400 and 600 grit.

Moreover, a series of tack-fused float glass speci-
mens is produced. Two 10 mm float plies are placed on
thin kiln paper above the kiln’s base and heated up to
650 °C for 1 h. Upon annealing and cooling, the fused
plate is cut and polished to beam size. As the fusing
temperature and dwell are not sufficient for a complete

@ Springer
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Fig.1 Arrangement of the investment moulds and glass cullet inside the ROHDE ELS 1000S kiln (left) and final kiln-cast components

after a complete heating and cooling cycle

e

P

Fig. 2 Two-step viscosity test from left to right: kiln-casting of
¢24 mm rods out of FT Float and AGC Blue cullet at 1120 °C,
polishing of the rods, kiln-casting of the rods in 50 * 50 mm area
investment moulds at 1120 °C, and studying of the compatibility
and mixing gradient of the two glasses. In the images on the right,

bonding between the two panes, a dominant weak zone
is introduced at the longitudinal middle of these beams.
In addition to the kiln-cast and tack-fused speci-
mens, industrially produced specimens are prepared
to serve as a reference. The specimens are cut in size
and the damaged cut surfaces are polished in the same
procedure as previously described, while the rest of
the surfaces are left in the as received condition (fine
glossy polishing, occasional scratches). The reference
specimens are divided in the categories below:

e Beams cut out in 20 * 30 * 350 mm size from Poesia
cast glass frames.’

5 The specific cast glass frames were produced as test pieces for
the Crystal Houses facade (Oikonomopoulou et al. 2018a), in a
65 *150*790 mm size.

@ Springer
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a comparison can be seen between the FT Float-AGC Blue com-
bination (top) and the Car glass-AGC Clear mix (bottom). These
relationships help determine the positioning of the different cul-
let types in the mould in order to achieve the desired composite
glass

e Single float glass panes of 10 *30 * 350 mm size.

e Double float glass panes of 8*30*350mm size,
laminated (thickness of interlayer &~ 700 uwm).
Total beam height approx. 16.6 mm.

e Double float glass panes of 10*30* 350 mm size,
glued with UV-curing acrylate DELO 4468 (adhe-
sive thickness varies from 30-235 pwm). Total beam
height approx. 19.9 mm.

The dimensions of all the produced samples are mea-
sured with a digital caliper, and the density of a selec-
tion of samples is defined using the Archimedes’ Prin-
ciple. A Keyence VHX-7000 digital microscope with a
20-200x zoom lens is used for analyzing characteristic
defects in the cast samples under standard and polar-
ized illumination. The cross-polarization of the filters
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Fig. 3 Positioning of the
cullet in a vertical layering
(left, AGC Blue shards and
FT Float precast in a single
slab) or horizontal (right,
AGC clear shards at the
bottom of the mould and
Car glass shards on top)

AGC Blue cullet

FT Float, cast in 1 piece

Car glass Maltha cullet

AGC Clear cullet

Fig.4 Global (left, AGC Clear and Car glass) versus local (right,
AGC Blue and FT Float) reinforcement. Both specimens were
produced by adding the purer cullet at the bottom of the mould, so
AGC clear and AGC Blue respectively. Considering however the

allows for the qualitative detection of internal stresses
in the glass induced by the defects. Upon inspection of
the samples, a white/black speckle pattern is sprayed
on one side of the beams, to be used for the Digital
Image Correlation (DIC) measurement.

2.2 Impulse excitation test set-up and Differential
Scanning Calorimetry test

Measurements employing the Impulse Excitation Tech-
nique (IET) are performed at room temperature accord-

viscosity differential between the chosen pure and contaminated
glasses (Fig. 2), the car glass flowed to the bottom, evoking the
diffusion between the two glasses, while the AGC glass remained
to its position promoting a functional layering

ing to the ASTM E1876-15 standards. Goal is to mea-
sure the elastic properties and internal friction of the
glasses—using a non-destructive method—prior to the
four point bending experiment, and compare the result-
ing E moduli from both tests. For this measurement, a
Resonant Frequency and Damping Analyser (RFDA)
Professional system developed by IMCE NV is used
(Fig. 5). One cast specimen per cast glass triplet is
selected, as well as one float glass pane to be used as
reference. The samples are placed on a wire support
frame and are gently tapped with a manual excitation
tool at the middle of the top surface (flexural vibration

@ Springer
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mode). The induced vibration signal is detected by a
microphone placed above the middle of the beam, and
is amplified and sent to a computer for analysis. The
test is repeated ten times per specimen.

The captured resonant frequency of each beam is
related to its mass, dimensions and elastic properties.
For rectangular beam sections® of a homogeneous,
isotropic material, the E modulus can be calculated
from the following equation (ASTM 2002):

m-Jf (L—S) T (1)
w

E = 0.9465
h3

where m is mass, fr is flexural frequency, L, h, w the
length, height and width of the beam, and T is a correc-
tion factor.” Based on the amplitude decay of the free
vibration, the internal friction Q’1 is also calculated by
the IMCE software.

To identify possible alterations in the glass transi-
tion region of float glass after casting, a Differential
Scanning Calorimetry (DSC) analysis is conducted for
a selection of glasses before and after forming,® using
a Netzsch STA 449 F3 Jupiter® apparatus. The mea-
surements are performed in inert atmosphere (Argon)
together with a correction blank sample. Pure (99.99%)

6 ASTM advises rectangular beams without chamfered or round
edges to avoid calculation errors. In this study the edges are
rounded to eliminate post-processing damage, so a minor error
is to be expected in the calculations.

7 The correction factor T accounts for the finite thickness of the
beam and the Poisson’s ratio. For beams of L/h = 20 ratio, then:

T =1+6.858 (%)2 (2)

While for L/h <20 the following formula can be used, with v
being the Poisson’s ratio:

NS h
T:1+6.585<1+0.0752v+0.8109v) T) - o868 (7

8.340(1 + 0.2023v + 2.173v%) (%)4
1 +6.338(1 +0.1408v + 1.53612) (%)2

In this study, the L/h ratio for the float panes is 35 so the simpli-
fied formula can be used, while for the cast beams this ratio is
approximately 17.5 and requires the second equation for the E
modulus calculation. However, it is found that for the given beam
dimensions and a hypothetical v = 0.22 that corresponds to typi-
cal float soda lime compositions, the difference in the E modulus
deriving from the use of the simple and the elaborate formula is
in the order of 0.015 GPa, thus for simplification purposes, the
shorter equation can be used.

8 The samples referring to the cast specimens are collected after
the 4-point bending test.

@ Springer

alumina crucibles are used, closed with a lid that allows
for gas release, and the used glass sample mass is
approximately 60mg. A heating rate of 10K/min is
used until the samples reach 1120 °C. The obtained
data are analysed via the Proteus Software.

2.3 Four-point bending experiment set-up

A total of 64 beam specimens of 350 mm length, 30 mm
width and 20mm height (with the reference beams
varying from 8 to 20 mm height) are tested in four point
bending, in room temperature conditions. An Instron
1251 (100 KN) Universal Testing hydraulic machine is
used, set to a displacement controlled loading rate of
0.6mm/min.” The four-point bending fixtures have a
span of 140mm for the loading rollers and 280 mm!?
for the support rollers, and articulate in pairs. To allow
for minor adjustments and rotational movements, a
semi-circular pin is placed below the support fixture,
while the loading fixture has a loose connection to the
machine’s head. The rollers are made from S355J2
(St52-3) steel, have a 14mm diameter'! and are free
to roll sideways to relieve frictional constraints (free
movement outwards for the support rollers, and inwards
for the loading rollers). Silicone rubber strips of 1 mm
thickness are placed between the beam and the load-
ing cylinders to correct minor deviations in the beam’s
height (Fig. 6).

The displacement during loading is measured!?
with the 2D-DIC technique, using a high-resolution
(50.6 MP) Canon EOS 5Ds camera that captures a pic-
ture per second of the deformed speckled surface of the

9 According to the glass stiffness, the loading rate corresponds
to a stress increase of 0.4-0.7MPa/s, which is below the
1.1£0.2 MPa/s rate indicated by ASTM C158-02 (2002).

10 The beam size and fixture spans are adapted from the
suggested ASTM C1161-13 dimensioning. As a basis the
1.5%2*25mm specimen size is used that corresponds to a
10:20 mm load span to support span.

' The bearing’s diameter is adjusted from the ASTM C158-02
(2002) suggestion for testing glass plates. For a 250 mm long
glass beam, a 3 mm radius is advised.

12 A Linear Variable Differential Transformer (LVDT) displace-
ment sensor (Solartron AX 2.5 Spring Push Probe calibrated to a
0.5 wm accuracy) that reports the displacement under the middle
of the beam was also used. However, since the sensor was fixed
with a bolt, the full body (thus not only the spring), would move
downwards during bending, resulting in a slightly higher defor-
mation. The results of the LVDT were therefore not used in this

paper.
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Fig. 5 Impulse Excitation experiments at IMCE NV, employing a Resonant Frequency and Damping Analyser (RFDA) Professional
system

Fig. 6 Four-point bending set-up (left) and image of the beam’s side surface containing the speckle pattern to be used for the DIC
analysis (right)

Fig. 7 Measurement of
displacement in y direction,
by analyzing the captured
images using the GOM
Correlate software. The
maximum displacement due
to bending at the middle, is
calculated by subtracting
the total displacement at the
middle from the average
displacement at the beam
points above the supports
(displacement marked in
dark yellow)

@ Springer
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beam. The pictures are consequently analysed using the
GOM Correlate software!'3 (Fig. 7).
For the flexural strength (o) calculation, the follow-
ing formula is applied:
3-F-(Ly—Lp
N 2-w-h? @
where F the maximum load, L the support span, L the
load span, w the beam’s width and h the beam’s height.
The calculation of Young’s (E) modulus is performed
by correlating the force data obtained from the Instron
machine with the maximum displacement at the bottom
middle of the beam as reported by the DIC analysis.
Equation 5 is applied for calculating the E modulus:

AF (%) (3L32‘ -4 (%)3

E = . 5
Alax 4.w-h3 ©)

Considering the beam proportion, the shear contribu-
tion to the maximum deformation is negligible and thus
excluded from the E modulus calculation.

3 Results
3.1 Glass casting defect evaluation

A variety of defects are encountered in the kiln-cast
glass specimens, which are formed during:

a. Casting: these flaws (e.g. stones, bubbles) are linked
to the chosen casting parameters and can be situated
both in the bulk and at the surface of the glass beams.

b. Post-processing and handling: these are surface
flaws (e.g. scratches, chippage) that are caused dur-
ing the grinding, polishing and handling of the glass
beams. In this case, the quality of the diamond discs,
machinery, and polishing work, act together with
the predisposition of each glass type to get easily
damaged (for example due to low hardness or the
presence of surface stones).

In this chapter, first the casting related defects (a) will
be discussed, linking them to the casting parameters
responsible for their formation. Thereafter, both cast-
ing (a) and post processing (b) defects will be evaluated,
according to the effect they have on the glass, based on
the characterization proposed by Aldinger and de Haan
(2019) in:

13 One image pixel equals to 31.5 um, therefore given the soft-

ware accuracy of 0.05 pixel, displacements larger than 1.57 pm
are detected.

@ Springer

e Stress increasing: these are defects that introduce
stress in the glass that adds to a stress created by
an applied load. Such defects can be situated in the
bulk or/and at the surface of the glass.

o Strength reducing: these defects reduce the strength
of glass and are mainly concerning surface flaws in
this research work.

The effect of the different flaws will be further evalu-
ated by analyzing the results of the four-point bending
experiments. Understanding the cause and the effect of
the different encountered flaws will contribute to distin-
guishing the tolerable from the critical defects, and will
indicate how the occurrence of the later can be avoided.

3.1.1 Defects due to the casting process

Table 1 presents an overview of the defects found in
the kiln-cast beams which form during the casting pro-
cess at the chosen high viscosities. The documentation
of and the reasoning behind the occurring defects are
required to understand the structural performance of
the specimens in the succeeding sections.

The majority of the specimens are made from pure
cullet of a single glass composition, either manually
selected and cleaned in the laboratory (e.g. FT float
shards, Poesia glass), or gathered at the rejection point
of float line production14 (e.g. ACG blue, AGC clear).
In this category of more pure samples, the defects
occurring due to the casting process (e.g. cullet shape
and size, mould material) and thermal history (forming
temperature, dwell times, cooling scheme) are high-
lighted. In comparison, two series of samples are made
from contaminated “Car glass Matlha” cullet, high-
lighting the contribution of contaminants in the forma-
tion of defects during casting. Specifically, the cullet is
characterized by minor compositional variations (float
glass from various producers), the presence of various
anti-glare and sun-blocking coatings, and of several
external contaminants such as lamination foil, traces
of metal and ceramic-stone-porcelain (CSP). Lastly,
the defects occurring in the composite glass series are
addressed.

The glass defects occurring from the selected cast-
ing parameters—from the quality and characteristics
of the cullet and the type of mould to the imposed
thermal history—can be categorized in three groups

14 In this case, minor traces of metal contaminants may appear
in the cullet.
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Crystalline Inclusions Glassy Inhomogeneities Gaseous Inhomogeneities
e 0
°.° ) ! L 4
(-] )
A ™
. pa
‘9.,
T
A Wy
> ‘' ¢
2o -
° .. " o

a. Cullet contamination
b. Thermal history
¢. Mould contamination

a. Glass cullet variations
b. Impartially molten contaminants
c. Element volatilization

a. Air-entrapment between cullet
b. Chemical reactions
c. Reaction to contaminants

d. Composite glasses

Fig. 8 Overview of the three categories of casting defects (i—iii), and the main causes of their formation

TS

(a) Stones due to contamination

(b) Crystalline fusion interface

(c) Stones due to mould reaction

Fig. 9 Different causes for the formation of crystalline inclusions in the kiln-cast specimens

(Fig. 8): (1) Crystalline inclusions, (ii) Glassy inhomo-
geneities and (iii) Gaseous inhomogeneities (charac-
terization according to Bartuska 2008).

The different casting defects and their causes are
described below in more detail:

(i) Crystalline Inclusions

Three main causes for the formation of stones (crys-
talline inclusions) are observed in the specimens: (a)
cullet contamination (coatings, metal/CSP traces), (b)
thermal history (top forming temperature falls into the
crystallization temperature range) and (c) mould con-
tamination (Fig. 9).

Type (a) will occur both in the glass bulk and at the
surface, in relation to the presence of a contaminant,
(b) will occur in the fusion interfaces between the cullet
pieces and can be either exposed to the surface (“Float
10mm * 35 vertical layers, 970 °C” sample) or mainly
situated in the bulk (“Float 10 mm * 2 horizontal layers,
970 °C” sample), and (c) will be formed at the surface
and the adjacent interior zone. (Figs. 10, 11) provide
an overview of the occurred crystalline formations.

(ii) Glassy inhomogeneities
Glassy inclusions in the form of cord, coloured cord

(“colour streak™) or parallel wavy cord (“cat scratch

@ Springer
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Fig. 10 Crystalline inclusions in a “Car Glass Maltha 1120 °C”
specimen. a Traces of non-molten coating in the glass bulk. These
are flat inclusions of typically 0.5-1 mm width. b Infolds with

cord”) are occasionally observed in the specimens.
Cords, although potential miscible to the surrounding
glass, differ either in composition, thermal history or
structural arrangement (Hulinsky 2008). In this study,
the main causes for the occurrence of cord involve:
(a) glass compositional variations in the cullet (e.g.
Car glass Maltha, see Fig. 12a), (b) impartially molten
coatings or metal traces (e.g. iron, see Fig. 13) result-
ing in colour streaks, (c) volatilization of alkali and/or
boron starting from the outer surface of each cullet
piece (Fig. 14), and (d) intentional mixing of two com-
patible glass recipes for achieving composite samples
(Fig. 12b). Type (a) and (b) are mainly observed in the
contaminated car glass cullet, and in the case of minor
metal inclusions in the AGC blue cullet (sorted from
the float line rejection point!?). Type (c) is observed
in the Wertheim and Poesia samples, both of which
contain a small amount of B, O3 (5.5 and 2.5 in wt%
respectively) and a higher content of alkali than typi-
cal soda lime silica (SLS) glasses (combined Na,O and
K5O content = 15 and 17.8 in wt% respectively). The
evaporation of boron, sodium and potassium from the
melt is common in borosilicate furnaces (van Limpt
2007), and can lead to cord and layering in the glass

15 In-plant iron contamination is a common phenomenon from
hardware and fasteners accidentally entering the cullet stream
(Aldinger and Collins 2016).

@ Springer

(b)

encapsulated crystalline material, resulting from contamination
from the mould. The alien material could be silica, while the
yellow singularity could be associated with clay contamination

structure (Hulinsky 2008). In the case of the Poesia
glass, the cord occurred in half of the samples, in long,
often parallel waves, as a result of the chemical reac-
tions and evaporation occurring between the glass shard
interfaces during kiln-casting. Therefore this cord may
potentially appear in all areas of the bulk, in relation
to the initial position of the shards in the mould. On
the contrary, a more heavily corded zone appeared in
all Wertheim specimens, concentrated along their top
casting surface. This cord is associated with the intense
volatilization of boron and alkali at the top of the sam-
ples. Nonetheless, the Borosilicate DURAN specimens
(13% B, O3, 4% alkali oxides in wt%) did not present
any cord. This could be related to the lower content of
alkali of the later, in combination with the higher cast-
ing viscosity used (10° dPa s). Lastly, type (d) cause of
cord mainly appears in the form of colour streaks and
parallel cord, and will have a direction relevant to the
manner the cullet was structured in the mould prior to
kiln-casting.

(i) Gaseous inhomogeneities

Bubbles are present in all of the produced kiln-cast
specimens, due to a number of causes, such as: (a)
air-entrapment between the cullet pieces/granules, (b)
chemical reactions during the bonding of the cullet
pieces and evaporation of volatile components, and (c)
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[1000.00pm|

Fig.11 Crystalline interfaces in the “Borosilicate DURAN rods,
970 °C specimen. The top row images show the beam’s side sur-
face (focusing at different depths). The red arrows point out the
interface at the surface (ground and polished) while the orange
arrows show part of the interface in the bulk, as seen through the
glass. The interior view of the interface reveals parcellation (blue
arrows) and miniscule round particles. Previous X-Ray Diffrac-
tion analysis (Bristogianni et al. 2020) identified this crystal as

reactions and impartial melting of CSP and metal inclu-
sions. Overall, the maximum bubble size measured,
was 805 wm in a Borosilicate DURAN tubes 1120 °C
specimen. The high forming viscosities used in this
study do not facilitate the removal of such bubbles. As
aresult, glass made from fine-sized cullet (e.g. Car glass
Maltha) or random shaped small shards (e.g. FT Float)
ata1033 dPas viscosity, will contain numerous, evenly
distributed bubbles in the first case, or a network of bub-
bles that starts along the cullet bonding surfaces and
slowly moves upwards with prolonged dwell times in
the latter case. The increase of dwell time at top temper-
ature will promote the connection of bubbles into larger
air-pockets that can rise more easily out of the melt (see
FT Float 2h vs 10h, Fig. 15). On the other hand, spec-

[1000 00y

B-cristobalite. B-cristobalite is a typical crystallization product of
low-alkali silicate glasses such as the studied borosilicate glass,
and form dendrites that are structured at 90° angles (Bartuska
2008), leading to the depicted parcellation. This structure (blue
arrows) can be seen more clearly in the images at the bottom
row, which show a fractured glass-crystalline interface (beam’s
cross section view). The imprint of this geometry passes also to
the glassy part of the fractured interface (bottom right image)

imens produced from larger orthogonal or cylindrical
glass pieces, vertically organized inside the mould (e.g.
Borosilicate DURAN rods 970 °C, Float 10 mm * 35
970 °C) would have the least occurrence of bubbles,
despite their forming at lower temperatures (corre-
sponding viscosity 1046 dPas), as the air could eas-
ily chimney up. The use of large irregular shaped cullet
horizontally structured inside the mould will promote
the formation of bubble veils in the bulk but also along
the vertical surfaces of the mould (Fig. 16a). In practice,
small clusters of bubbles in the bulk are negligible in
terms of final component strength, but can deteriorate
the strength if exposed at the surface of the cast object.
Yet, despite their negative function as defects in the final
product, bubbles, according to Némec (2008), can be

@ Springer
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{100,011}

(b)

Fig. 12 a Cord in a Car Glass Maltha specimen due to compositional variations in the cullet, b cord and colour streaks in an composite
AGC Blue & FT Float specimen at the mixing interface of the two glasses

[1000.0pm}

(@

Fig. 13 Brown-green colour streaks associated with the impar-
tial melting of a stone or metal inclusion in a a Car Glass Maltha
and b AGC Blue specimen. The lack of high stress in the cross-

beneficial to the molten glass, as their movement pro-
motes convection and homogenization. This is particu-
larly observed in the “AGC blue & FT float—blue glass
on beam’s side”” composite samples, where the upward
movement of the bubbles assists in the mixing of the
AGC blue glass (positioned at the bottom of the mould)
with the FT glass (located on top), as seen in Fig. 16b.

A special category of gaseous inhomogeneity is
observed in the tack fused “Float 10 mm *2 horizon-

@ Springer
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polarized image on the right, and the colour of the streak suggest
iron contamination (Aldinger and Collins 2016)

tal layers, 650 °C” (Fig. 17), in the interface of the two
float plies. Due to the low fusing temperature (650 °C)
and the insufficient dwell time (1 h), extended zones of
entrapped air and inadequate fusion appear along the
interface.



On the flexural strength and stiffness

161

Wertheim 1020°C

Poesia 1070°C

Fig. 14 Cross-polarized images of a Wertheim 1020 °C and a
Poesia 1070 °C specimen, showing concentrated cord at the top
casting surface in the first case, and a diagonal cord across the
beam’s height in the later. The first example is associated with

FT Float 1120°C,
10hr, -160°C/hr

Fig. 15 Differences in the size and population of bubbles due to
variations in the imposed thermal history of FT Float specimens.
The specimen at the right, due to the shorter dwell at top tem-

the volatilization of alkali and boron compounds from the melt,
while in the Poesia example, the cord is formed at the meeting
point between two large glass shards

FT Float 1120°C,
2hr, -50°C/hr

perature (2h at 1120 °C) has an increased number of miniscule
bubbles, which given more time, would have grouped into larger
bubbles, risen to the top surface and escaped

@ Springer
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1000.00um|

(@) (b

Fig. 16 Clustering of bubbles a in a bubble veil travelling upwards along the side wall of the mould, in a Poesia 970 °C specimen, b
along the interface of the two glasses, in a AGC Blue & FT Float composite specimen

TR RTDS |

1000.00um)
_

Fig. 17 Interference fringes in tack-fused (650 °C) float glass specimens suggest that the two glass plies are partially separated by a
thin film of air

1000 0y

Fig. 18 Overview of stress inducing defects, namely cord (left), crystalline inclusion (middle) and interface between two different
glasses in a composite specimen (right)

@ Springer
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3.1.2 Stress inducing defects

This category includes only casting related defects (in
the bulk and/or surface of the glass beams), as post-
processing and handling defects were not found to be
stress increasing in this study. Assessing the above
mentioned casting related flaws, four defect types
seem to be occasionally inducing stress in the speci-
mens, according to the analysis under cross-polarized
light: (a) cord in Boron/Alkali silicate glasses (Poe-
sia, Wertheim), (b) interface and cord between differ-
ent glasses in the composite specimens, (c) presence of
CSP stones in the contaminated glasses, and (d) crys-
talline interlayer in fused glasses (Figs. 18, 19). In all
cases, the induced stress is not sufficient for leading
to local/global cracking of the component. Regarding
the impact of cord, a range of stress intensities were
observed. The intensity of this stress is linked with the
mismatch of the thermal expansion coefficient between
the cord and the surrounding glass, and although cord
on its own may not damage the glass, it can lead to fail-
ure when acting together with other stresses (Aldinger
and de Haan 2019).

On the contrary, the encountered metal inclusions,
coatings and bubbles did not introduce stresses in the
samples.

3.1.3 Strength-reducing defects (surface defects)

A combination of casting defects acts together with
machining (e.g. sawing damage, grinding scratches)
and handling damage (e.g. impact, scratch, frictive
damage) towards the deterioration of the surface of
the specimens (Fig. 20). Bubble veils, stones and crys-
talline interlayers may be tolerable when situated in the
bulk, but will reduce the flexural strength when exposed
at the surface of maximum tensile stress (Bristogianni

etal. 2020) (Fig. 21a). Another encountered defect that
is difficult to remove by polishing, is the formation of
infolds/recesses at the surface due to insufficient fusion
between the cullet pieces (Fig. 21b). These cavities
often promote the creation of a crystalline layer, due
to the incorporation of loose mould material. The qual-
ity of glasses that are prone to such defects (e.g. FT
float) can be improved by locally reinforcing the sur-
face with a less prone, smoother compatible glass (e.g.
AGC blue). However, to achieve such a distinct layer-
ing, careful selection of the forming temperature and
dwell time is required to avoid the transferring of faulty
material to the good glass region—a problem identified
in the composite beams of this study.

Although all specimens were ground and polished
down to a 600 grit level, following the same procedure,
the final surface quality of the different glass beams
is not equal. Some glasses were easier/softer to post-
process (Borosilicate, Poesia) than others (FT Float,
AGC Blue, Car Glass). In addition, some glasses were
more prone to scratches (softer glasses) or chipping
(Figs.20b,21b). As seenin Fig. 22, the Borosilicate and
Poesia surfaces look smoother than the rougher AGC
Blue or Car Glass surfaces. However, by studying the
3-dimensional (3D) profile of a transverse section at the
bottom surface of the beams (Fig. 23), it can be seen that
less variations occur in the AGC Blue or Car glass pro-
file than in the FT Float or Borosilicate sample. These
deviations are associated with the occurrence of deeper
scratches in the later samples. Lastly, Fig. 24 shows
the differences at the bottom surface between the cut-
to-size Poesia frame glass and its kiln-cast version at
1070 °C, which appears to be smoother. The observed
differences in the final surface quality are expected to
affect the flexural strength of the different glasses.
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[1000.00um|

(2 (b)
Fig.19 Cross-polarized images of a “Borosilicate DURAN rods crystal formations in the middle of the glass region a or at the
970 °C” specimen (left) and a “Float 10 mm *2 layers 970 °C” surface b. According to prior X-Ray Diffraction analyses (Bris-
specimen (right). Minor stress (in the form of while light) is togianni et al. 2020), the crystal in a is S-cristobalite while in b
observed at the crystalline interfaces as well as around isolated is devitrite

]
S
<t

(@ (b)

Fig. 20 a Micro-damage at an AGC blue surface due to machining, b shows a 46 pm deep surface chipping damage evoked during
grinding around a crystalline inclusion

@ Springer
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1000.00pm|

(a)

Fig. 21 a Bubble veil at the bottom surface of a Poesia 970 °C
specimen. During grinding, several bubbles are exposed, becom-
ing craters of stress concentration during loading. Deep grinding
striations from a “renegade-grit” also act upon the exposed bub-

(b)

ble veil to deteriorate the surface quality (Quinn et al. 2005).
b Surface damage at an AGC blue specimen. Extended infolds
are present (7.5 mm length) together with grinding striations and
small machining cracks (in circle)

Fig. 22 Microscope images of the bottom surfaces of different glass samples. The left-right orientation of the images is aligned with

the field of tensile stress

@ Springer
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850.00 1000.00

1150.00

FT Float 1120°C

Poesia frame

Fig. 24 3D profile of a transverse section at the bottom surface of a standard Poesia (yellow) and a kiln-cast Poesia 1070 °C specimen

3.2 Impulse excitation test

From the obtained flexural vibration frequencies during
the impulse excitation experiment, the Young’s modu-
lus of the tested specimen is calculated (Table 2). The
resulting E values are in accordance with the literature
and prior testing (Bristogianni et al. 2020): 62 GPa for
DURAN borosilicate glass, 70-76 GPa for float soda-
lime and 79 GPa for Wertheim C-glass, and only the
stiffness of the Poesia glass is found lower than pre-
viously reported. In addition, the IET shows changes

@ Springer

in the E modulus of the same glass composition by 1—
3 GPa, when a different thermal history is applied (e.g.
FT Float, Poesia). More specifically, in the case of the
FT Float, the shorter homogenization time at 1120 °C
(2h) seems to have a negative effect to the stiffness.
Regarding the Poesia glass, the increase in E modu-
lus (standard'® < kiln-cast at 1070 °C < kiln-cast at

16 Regarding the melt-quenching production of standard Poesia
bricks and frames, molten glass at around 1200 °C temperature is
poured in a preheated mould and rapidly cooled down to approx.
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970 °C) is aligned with the increase in density, and the
maximum stiffness is achieved at the lowest casting
temperature (970 °C).

The results of the internal friction'” Q~! measure-
ment at room temperature by IET can be found in
Table 2, Fig. 25. The internal friction in a material
is the dissipation of energy after an applied elastic
strain or stress. Mechanical losses in alkali contain-
ing glasses are related to the relaxation of the alkali
ions in the network as a result of the applied deforma-
tion (Stevels 1962). In addition, large structural defects
such as cracks can lead to energy losses though friction
(Roebben et al. 1997), and Q! is closely related to the
micro-mobility of defects in the microstructure (Duan
et al. 2001; Roebben et al. 1998). The internal friction
measurement can provide therefore information about
the connectivity of the glass network.

Minor thermal history variations per glass category
(e.g. Poesia 970 °C to Poesia 1070 °C) and contami-
nation variations (e.g. pure “FT Float” to contaminated
“Car glass”) do not seem to have a major impact to
the internal friction of the cast glass samples'® (Float
reference glass is excluded). The chemical composi-
tion is dominant as portrayed by the “clustering” of the
glasses per category in Fig. 25. Analyzing the internal
damping results, a reduction in the damping is observed
with an increase in the B O3 content, with the “Borosil-
icate Tubes” glass (4% Alkali oxides, 13% B, O3, 81%
Si0,) presenting the lowest internal friction. A lower
internal friction of such borosilicate composition in
comparison to SLS is also reported in bibliography
(Duan et al. 2003). In the case of the “Borosilicate
Tubes” glass, the low alkali to boron ratio, favours the
association of the alkali to the boron, converting the
oxygen coordination of boron from 3 (triangle) to 4

Footnote 16 continued
700 °C at atmospheric conditions, before the glass components
are inserted in the annealing lehr (Oikonomopoulou et al. 2018a).

17 The internal friction Q™! is calculated from the amplitude
decay of the free vibration:

k
”'.fr

Where k is the exponential decay parameter of the vibration and
f; the resonant frequency of the tested material (Roebben et al.
1997).

18 All cast samples tested via the IET have a similar annealing
history but may differ in the selection of top forming temperature,
dwell at top temperature or cooling rate down to the annealing
point, as explained in Sect. 2.1.

o' = (6)

(tetrahedra), and thus increasing the degree of connec-
tivity of the network, without creating Non-Bridging
Oxygen (NBO) ions (Biscoe and Warren 1938; Bray
and O.K 1963; Milberg et al. 1972). However, an
increase of the alkali content above a threshold!® will
lead to the creation of NBOs and therefore a looser
structure, which is the case in the Wertheim and Poesia
glass. The float glass samples, as typical soda-lime-
silica compositions, are expected to have ~0.75 NBO
per tetrahedron (T)* (Glass for Europe 2015). The dif-
ference though between the SLS glasses and Poesia
and Wertheim glasses, is that the latter two are falling
under the “mixed-alkali” category. A densification is
reported in silica glasses containing more than one
alkali type, due to the packing efficiency in the inter-
stices of the glass network resulting from the differ-
ent ion sizes (Sheybany 1948). Shelby and Day (1969)
report changes in the internal friction of soda-silicates
when there is a partial substitution of the Na;O with
a second alkali oxide, and in particular a shift in the
internal friction peak to a higher temperature.

Given that a more open network will absorb more
energy during mechanical excitation thus reporting a
higher damping, information on the internal friction can
suggest the level of connectivity of the glass network.
However to reach meaningful comparisons between the
different glasses, an internal friction measurement over
a temperature range of ~0-400 °C is required. In this
manner, misinterpretations resulting from isolated data
with no indication of the corresponding temperature
peak can be avoided. Such a measurement would also
shed light to structural variations occurring in the cast
glass due to differences in the thermal history.

Attention should be also given to the network struc-
tural changes that can occur from the thermal history of
the glass at and below the glass transition region, and
during the cooling process down to room temperature.
This is of relevance given that the glasses in this study
are characterized by longer annealing times and slower
cooling rates than the ones followed in the industry.

Varshneya (2013) indicates that glass properties are
linked with the imposed thermal history. In specific, the

19 In an alkali borosilicate RM;0 - KSiO; - B,03 glass, an
alkali content of R> 0.5 will create NBOs according to the K
value (Milberg et al. 1972).

20 The float glass network is considered fairly polymerized. As a
reference, the NBO/T ratio for amorphous silica is 0 (all oxygen
ions are bridging) and of pure NayO- SiO is 2 (2 BO and 2 NBO
per tetrahedra) (Glass for Europe 2015).

@ Springer
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Fig. 25 Internal friction measurement by IET. For glass compositions containing boron trioxide, this content is noted in the parenthesis

temperature scheme followed around the glass transi-
tion range T is the most crucial for structural rear-
rangements and for a consequent change in proper-
ties to occur. A slower cooling rate will lead to a
smaller final volume (higher density) and a lower fic-
tive temperature T¢.2! Standard SLS glasses (Gross
and Tomozawa 2008) and E-fiber glasses (Smedskjaer
et al. 2010) will exhibit an increasing hardness with
decreasing Ty, imposed by a longer heat-treatment. A
prolonged annealing will increase the structural density
(APF) without affecting the macroscopic glass density
(Smedskaer etal. 2010). Ito and Taniguchi (2004) prove
using molecular dynamics (MD) simulations that a fast
cooling rate will reduce the polymerization of a typi-
cal SLS glass network leading to a smaller E modu-
lus and lower brittleness. Varughese et al. (1998) heat-
treated SLS glasses at and below Tg, reporting higher
strength with higher Ty, while and Li et al. (1995) show
an increase in fatigue resistance. Striepe et al. (2013)
report similar behavior in alkaline earth aluminosilicate
glass after prolonged annealing; the Young’s modulus,
hardness®”> and brittleness increases with decreasing
fictive temperature. Overall, the more open, unstable
structure of a quenched glass will change more easily

2l Considering the typical free volume—temperature graph for
a glass-forming liquid, the Fictive Temperature T is found in the
intersection of the extrapolated lines of the glass and supercooled
liquid.

22 For a glass of 25*25%0.7 mm size, 18,300 min (= 12.7 days)
of annealing versus 15 min would lead to a raise of E modulus by
2 GP, while the crack resistance would drop from 6 N to 2.8 N.

upon mechanical stress, thus the higher strength and
lower brittleness reported in the literature.

In addition, Duan et al. (2001) shows that the heat-
ing of 15Na;0-20Ca0-65Si0; glass up to 500 °C (so
below their glass transition temperature) leads to the
rearrangement of the SiOy4 structure, inducing irre-
versible changes to the stiffness of glass once cooled
down, while even at lower temperatures (in this case
230°C), the Nat and Ca®* ions will diffuse into the
silica network holes. In specific, a reduced internal fric-
tion and a higher frequency (so higher E modulus) is
reported after the heat treatment of the glass below the
glass transition point.

It is therefore speculated that the cast glass spec-
imens created in this study, which are characterized
by a longer dwell time at the forming temperature, a
slower cooling rate and a more conservative anneal-
ing and cooling schedule, will have a more compact
network, as the prolonged processing time favors the
rearrangement of the alkali ions and the polymerization
of the network. The above is supported by the much
higher damping, lower E modulus and lower density
reported for the industrially produced float glass spec-
imen (“Float 10mm”, see Table 2, Fig. 25) in compar-
ison to the rest of the specimens.

3.3 Differential Scanning Calorimetry experiment
The DSC technique has been used to study the glass

transition and fictive temperature of a selection of
glasses, and specifically to identify changes in glasses

@ Springer
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Fig. 26 Heat Flow versus DSC AmWimg)
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Fig. 27 DSC curve showing the enthalpy overshoot after the Tg
of a selection of glasses, before and after kiln-casting. In the case
of FT Float (left), the enthalpy change between the original and
the kiln-cast glass is larger than in the case of the Wertheim glass

of same composition due to different thermal history.
The results of the DSC measurements can be found in
Figs. 26, 27 and Table 3.

The comparison between the DSC curves of the
“as received” and upon kiln-casting glasses shows an
increase in the T, and decrease in the Ty of the longer
annealed and slower cooled kiln-cast glasses. Charac-
teristic of the kiln-cast glasses is the deeper endother-
mic drop or “Cp23 overshoot” after T,. Shelby (2005)
explains, based on the method for the determination of
the fictive temperature suggested by Moynihan et al.

23 C, refers to the isobaric hear capacity.
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(right). The graph on the left also shows the ACp at Tg (equal to
the configurational heat capacity Cp, conf at Tg), which charac-
terizes the glass-liquid transition. The Cp,conf at Tg value is the
same for the two FT glasses

(1976), that such a deep endotherm between the glass
and liquid DSC curve shows a lower fictive tempera-
ture than a shallow endotherm for the same glass com-
position. The magnitude of the overshoot reflects the
enthalpy loss occurring during the annealing (Hodge
1994; Zheng et al. 2019), and more specifically, the
slower the cooling rate and the longer the anneal-
ing around Ty, the higher the extent of the overshoot
(Boehm et al. 1981). Boehm also reports the increase of
T, with decreasing Ty, arguing that a better annealing
lowers the intrinsic mobility of the system’s particles,
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Table 3 Results of the DSC experiments
Glass type Process/temperature Glass Configurational heat Enthalpy of
(°0) transition capacity at Tg: Ty
Ty (°C) Cp,conf = Overshoot
ACp, glass to liquid (J/(g K) (J/g)
Float 10 mm Float line 557 0.059 —4.382
FT float shard Float line and 554 0.232 —2.982
tempering
FT float Kiln-cast at 568 0.232 —13.19
1120 °C 1120 °C
Poesia frame Hot-pour 516 0.007 —8.926
casting
Poesia 970 °C Kiln-cast at 523 0.036 —10.78
970 °C
Wertheim Drawn glass, 533 0.256 —13.18
pellet hot-cut
Wertheim Kiln-cast at 550 0.056 —17.39
1020 °C 1020 °C

Table 4 Determination of the chemical composition of FT Float glass (as received and after kiln-casting) by X-Ray Fluorescence

Name State Sample  Side Composition* (wt%)
Si02 NazO CaO MgO A1203 SnOz KzO F6203 S
FT float  As received a Non-Sn 754 12.4 7.6 4 0.38 - 0.1 0.09 0.07
Sn 742 125 7.6 4 0.36 1 0.1 0.09 0.06
b Non-Sn 759 11.8 7.6 4 0.36 - 0.1 0.08 0.1
Sn 74.8 125 7.9 4.1 0.34 0.03 0.1 0.14 0.05
Kiln-cast at 1120 °C ¢ - 75.3 11.5 8.1 39 0.43 - 0.1 0.09 0.36

*All composition data derived by XRF measurements conducted with a Panalytical Axios Max WD-XRF spectrometer by Ruud

Hendrikx (TU Delft, 3mE)

increasing thus the required energy to initiate their rear-
rangement.

The largest difference in the endothermic peak is
observed between the “FT float” shards (and of the
standard Float) and the “FT float” 1120 °C, and the
smallest between the hot-poured and kiln-cast “Poesia”
samples. This is attributed to the distinct differences
between the float and kiln-casting production meth-
ods, especially regarding the annealing process. In a
standard float line, the entering of the glass strip in the
annealing lehr at around 600 °C and the exiting at 60 °C
is a matter of less than an hour24, which forms a great
contrast to the prolonged scheme used in this study for

24 Cooling rates used by the float industry are based on the work
of Narayanaswamy (1981) and Gardon (1982). As an indication,
Narayanaswamy suggests a Smin long cooling schedule from
600 °C down to 380 °C for a float glass of 6.9 mm thickness.

the cooling of the 20 mm thick beams. It should be men-
tioned that despite the different thermal history between
the two samples—as reflected in the deep overshoot
and higher T for the kiln-cast glass—no significant
changes in the chemical composition are observed in
the XRF analyses (Table 4), apart from a minor alkali
(NaO) volatilization. This is also confirmed by the fact
that the configurational heat capacity Cp, conf at T is the
same for the two samples (Fig. 27, Table 3).

Footnote 24 continued

Rough calculations considering the daily production of 800 tn in
a typical float glass factory such as the Euroglas plant in Oster-
weddingen (DE), which is equipped with a 140 m long annealing
lehr (EUROGLAS 2016), shows that a 10 mm thick and 3210 mm
wide glass would need approximately 20min to travel through
the annealing lehr and cool down from 600 to 60 °C. This implies
that for the same production volume, the much more common
4 mm glass pane is cooled 2.5 times faster.

@ Springer
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3.4 Four-point bending experiment

The results of the four-point bending experiments can
be found in Table 5 and (Figs. 28, 29). The reader should
take into account that only a low number (1-5) of spec-
imens could be tested per category, and thus the results
are indicative, and not statistically conclusive.

- e—

Regarding the performance of the soda lime sil-
ica kiln-cast glasses (Specimens 4—13 and 20-33, pro-
duced from float glass), AGC Blue has the highest stiff-
ness and flexural strength (64 MPa) while the FT Float
1120 °C has a lower strength (=48 MPa) and stiffness.
The “FT Float 1120 °C, 2h, —50C/h” has even lower
strength (38 MPa) due to the increased population of

Fig. 28 Overview of tested glass specimens. The specimens in
this figure are organized according to the L1-55 order seen in
Table 5. More specifically, the row to the left contains specimens

Flexural Strength-E modulus
80.00

78.00
76.00  J
74.00 % A

72.00

70.00

68.00

66.00

Average Young's modulus DIC (GPa)
>
I

64.00
62.00

60.00
10.00 20.00 30.00 40.00 50.00 60.00 70.00

Average Flexural Strength (MPa)

Fig. 29 Average E modulus versus flexural strength
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L1-L12, the row to the middle-left L13-L.27, the row to the
middle-right L28-1.42 and finally the row to the right specimens
L43-L55

= Float 10mm

FT Float, 1120°C

FT Float, 1120°C, 2hr dwell, -50°C/hr

Float 10mm*35 vertical layers, fused 970°C

Float 10mm*2 horizontal layers, fused 970°C
Float 10mm*2 horizontal layers, tack-fused 650°C

AGC blue, 1120°C

®© & > P X O @

AGC blue & FT float, 1120°C (blue glass on bottom)
Car windshields Maltha, 1120°C
Car windshields Maltha & AGC clear, 1120°C
Poesia, 1070°C
Poesia, 970°C
Poesia (frame)
B Wertheim, 1020°C
80.00 Borosilicate DURAN tubes, 1120°C

Borosilicate DURAN 20mm rods*17 vertical layers, fused 970°C
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defects resulting from the poor homogenization of the
glass at the top temperature. The fused float sample
with exposed crystalline layers at the bottom surface
(“35 layers fused at 970 °C) has a significantly reduced
strength as well (26 MPa), whereas the fused sample
with one crystalline interface in the bulk, has double
the strength (54 MPa). The crystalline interface will be
acertain cause of early failure when exposed to the zone
of maximum stress, but will have a negligible effect
when located at the middle horizontal zone of the beam.
Lastly, the heavily contaminated Car glass Maltha
series has a rather low average strength (30 MPa).

The concept of improving a lower strength glass (FT
Float, Car glass Maltha) with a purer compatible glass
(AGC Blue, AGC clear respectively) seems to be effec-
tive. Both composite versions showed an improvement
in strength in relation to the poorer glass quality (FT
float improved by 19%, Car glass improved by 29%)
regardless the occurrence of stress zones in the inter-
face between the two glasses.

Regarding the boron containing glasses, ‘“Borosili-
cate DURAN tubes 1120 °C” samples have a similar
flexural strength (46 MPa) to “FT Float 1120 °C” sam-
ples, but a lower E modulus (62 GPa), which matches
the stiffness of the original cullet (63 GPa, Schott
2017). The fused Borosilicate sample (970 °C) has
a 70% reduced strength due to the crystalline inter-
faces exposed to the bottom beam surface. Poesia glass
showed a better performance, with the samples kiln-
cast at 970 °C having a slightly higher strength and E
modulus than the samples prepared at a 100 °C higher
temperature. The highest flexural strength and E mod-
ulus were measured for the Wertheim 1020 °C speci-
mens. The high E modulus of this glass was previously
associated (Bristogianni et al. 2020) with the small
(A~5%) addition of B> O3 and Al O3 to the standard
SLS composition.

Comparing the performance of the kiln-cast speci-
mens to the reference samples, the “FT Float 1120 °C”
samples have a lower average flexural strength (or =
48 MPa) than the single 10 mm float panes (56 MPa)
or the adhesively bonded DELO 4468 samples,” in

25 DELO Photobond 4468 adhesive has been chosen due to the
strong bonding to glass, which leads to monolithic behaviour of
the bonded glass, as proven by Oikonomopoulou et al. (2018a).
When the applied adhesive layer is thin enough, during the bend-
ing of the horizontally bonded glass sample, any shear gradient
in the adhesive layer is eliminated, and thus the stress/strain is

the case where the adhesive thickness was between
30-50um (53 MPa). Nonetheless, the DELO bonded
specimens show a reduced strength with the increase
of the adhesive layer up to 230 um (33MPa). The
FT Float kiln-cast samples have a higher E modu-
lus (75 GPa) than the single float (71 GPa) or DELO
bonded samples (62GPa for the 30-50pum series,
48 GPa for larger adhesive thicknesses). The best per-
forming kiln-cast samples on the other hand (e.g. AGC
Blue, Wertheim) present both a higher strength (64 MPa
and 73 MPa respectively) and E modulus (76 GPa and
78 GPa respectively) in comparison to the industrially
produced reference beams. The case of the laminated
float glass samples is somewhat different, as in this
case, due to the very low shear modulus?® and increased
thickness of the interlayer (700 pwm), the float glass plies
act separately (the bottom ply will fail at a similar load
to a single ply). As a result, both the strength and E
modulus are low in comparison to the cast samples
(or = 18 MPa, E = 17 GPa).

The tack-fused (650 °C) float samples, due to the
insufficient bonding at the interface, fail at low average
strength values (30 MPa), from a flaw originating at the
interface and not the bottom surface, and more specif-
ically at the shear zone (area between the loading and
the support rollers). After failure, the separated glass
panes have often clear delaminated surfaces, which is
a proof of non-fusion. Nonetheless, despite the pro-
longed zones of non-bonding in the interface, the mod-
ulus of the tack-fused components is the same (71 GPa)
as of the original float glass used for its making.

The industrially produced Poesia glass beams were
15% less strong than the kiln-cast beams at 970 °C,
accompanied by a decrease in E modulus of 2 GPa.

The E Moduli measured by the Impulse Excitation
technique were to a great extent coinciding with the
values calculated from the four-point bending experi-
ment and DIC measurement. Radovic et al. (2004) have
already reported the great precision of dynamic mea-
surements, such as impulse excitation, for determin-
ing the elastic properties of solids, in comparison to
the higher percentage of uncertainty of the four-point

Footnote 25 continued
directly transferred from the bottom glass layer to the top,
contributing to the successful cooperation of the two layers.

26 As an indication, the shear modulus of a standard PVB inter-
layer ranges between 10 and 20 MPa in comparison to the shear
modulus of SLS glass that is ~ 29 GPa (van Dam 2017).

@ Springer
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FT Float, 1120°C for 2hr, -50°C/hr

'- Float 10mm*35 layers, fused 970°C

Fig. 30 Side view of a selection of tested specimens. All beams
apart from the tack-fused specimen (L53: bottom right) failed
from a defect situated at the bottom surface, within the maxi-
mum tensile stress zone. Low energy failures are manifested with

bending test due to strain gauge associated errors.?’

The proximity of the results of this study between the
two tests is associated to the high accuracy of the DIC
measuring method.”

3.5 Fractographic analysis

The majority of the kiln-cast specimens (excluding the
tack-fused samples), failed from a defect or combina-
tion of defects situated at the bottom surface, predom-
inantly at the maximum tensile stress zone (area under
the upper loading rollers), or in close proximity in the
case of a wide flaw (0.5—1 mm size) (Fig. 30). Only four

27 The comparative study by Radovic and co-workers included
specimens of Pyrex glass, 4140 steel, pure alumina and 7075
aluminum, of various shapes and sizes. The Young’s and Shear
moduli of the materials were measured using static (Four-point
bending, Nanoindentation) and dynamic (impulse excitation, res-
onant ultrasound spectroscopy) techniques. The dynamic tech-
niques presented the lowest variability of results, below 0.5%.
For the pyrex glass samples, the four-point bending technique
showed the highest coefficient of variation (1.4%) and typically
higher E modulus values than the other techniques. The lower
confidence level of the four-point bending test (95%) is attributed
to inaccuracies from the strain gauge readings. Such inaccuracies
have also been observed by the authors in several studies.

28 A Linear Variable Differential Transformer (LVDT) displace-
ment sensor was also employed during the four-point bending
tests but the reported displacement was higher than the actual
movement, due to micro-movements of the sensor during bend-
ing. The values obtained were therefore not used.

@ Springer

Wertheim 1020°C

Poesia970°C

= SE—

g v &
£ e e i R —————

Omm rods*17, fused 970°C

Float 10mm*2 layers, tack-fused 650°C for 1hr

Borosilicate 2

a single fracture surface (e.g. L10: FT Float 2h, L49: Borosil-
icate 970 °C) while branching will occur when higher failure
loads are achieved (e.g. L44: Wertheim). Note the characteristic
for flexural fractures compression curl at the top of the beams

specimens failed from an entirely interior flaw, situated
just above the bottom surface (75-100 wm above the
surface for flaw width around 160-380 wm) or 1 mm
above for bigger flaw size (width &~ 3.6 mm) (Fig. 31).
Defects situated in the mesostructure, typically from
miniscule in size up to 4mm wide (different defect
types and sizes as described in Sect. 2.1), were not
activated.

Figures 32, 33 and 34 show the cause of failure in
relation to the flexural strength and mirror size. The
type of flaw (machining/handling, infold, stone or bub-
ble), and its location act upon the glass composition
and correlated mechanical properties. In general, the
purer specimens fail from machining/handling flaws at
a higher strength (Fig. 35), while the stone containing
specimens will have a reduced strength according to the
width and location (at or above the bottom surface) of
the stone. For pure specimens with machining flaws of
similar size as the fracture cause (e.g. Wertheim, AGC
Blue, FT Float), a higher E modulus will correspond
with a higher flexural strength. Only in two cases is
the fracture origin associated with a surface bubble or
bubble veil (Fig. 36a). None of the specimens failed
due to the presence of cord. The presence of cord does
not seem to be decisive for a specimen’s fracture, as
failure from flaws outside the cord zone was equally
possible. The fused (970 °C) specimens failed from
the crystalline-glass interface at low strength values,
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Fig. 31 Fracture mirror surfaces of AGC Blue & FT Float composite specimens (left, middle) and a Car glass maltha specimen (right).
In all of the above cases, the fracture initiated from a crystalline inclusion above the bottom surface

Fig. 32 Example of how the mirror radius (left) and flaw width
(right) are measured in this study. Regarding the mirror radius,
the diameter between the mist/hackle bouaries at the level of the
bottom surface is measured, and divided by two. Often in elon-

when this interface was exposed at the bottom surface
of maximum stress (Fig. 36b).

The reference float glass specimens (single, lam-
inated, adhesively bonded) and the standard Poesia
specimens all failed from a machining or handling flaw.
For the float specimens with “as received” polished bot-
tom surface, the critical flaw would be either situated
at the fillet edge line (cut, ground and polished at the
laboratory down to 600 grit) or would start from a deep
scratch at the surface.

gated defects that extend towards the interior of the glass (right
image), only the width exposed at the bottom surface is measured
as active

The tack fused specimens are the only cases where
failure originated from the bulk, and more precisely
at the horizontal interface at the middle of the beam
(Fig. 37a). The extended zones of improper fusion
along this interface lead to local stress concentrations
at the connection zones that exceed the tensile strength
of the material during loading. All specimens had a low
flexural strength, between 10 and 37 MPa, apart from a
single specimen that failed from a flaw at the maximum
tensile stress zone at the bottom surface (Fig. 37b). This
sample had a comparable strength (49 MPa) to the kiln-
cast float components (FT Float 1120 °C &~ 48 MPa).

@ Springer
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1000.00um|

Fig. 35 The rough edge polishing/filleting of a Wertheim
1020 °C specimen acts as the fracture origin. The magnifica-
tion of the critical flaw shows multiple striations arriving to that

4 Discussion

4.1 Flexural strength comparison to shorter-span
cast glass beams

A comparison between the flexural strength and E
modulus of the currently tested cast glass speci-
mens (20 * 30 * 350 mm, 140/280 mm span) with values
for shorter testing span specimens (30*30* 240 mm,
100/200 mm span) previously reported by Bristogianni
et al. (2020) is made (see Fig. 38, Table 6). It should
be stressed that differences in the mechanical proper-
ties are not directly related to the “size factor”, but are
also at least partially linked to the differences between
the bending fixtures (e.g. roller radius, free rollers vs.
fixed?”), stiffness of the beam shape (actively contribut-
ing to shear displacement or not), the post-processing
quality of the specimens and even to minor variations
in composition and contamination of the cullet (e.g. for
Poesia or Car glass cullet).

29 Fixtures that do not allow sideway rolling of the pins lead
to a frictional constraint that positively influences the reported
strength (Quinn et al. 2009).

1000.00pm

[2]163.50um|

[1]19.41um|

point, together with a semi-elliptical fracture within the glass.
This defect, observed in several samples that failed from machin-
ing damage, is believed to be created during grinding

In general, the measured stiffness by the DIC and
IET methods is found in agreement with the DIC mea-
surements of the prior study, apart from the case of
the Poesia glass, where a lower E modulus by 5 GPa is
found. This change is more likely to be associated with
an alteration in the cullet used.’” In terms of flexural
strength, two trends were identified: the Poesia (stan-
dard and cast at 1070 °C) and the contaminated Car
glass specimens showed a reduced flexural strength
by 11-24% and 27% respectively, while the cast at
1120 °C AGC Blue, Borosilicate Tubes and FT Float
specimens showed a slight improvement in the flexu-
ral strength in the order of 1, 8 and 9% accordingly.
The increased improvement in the flexural strength
(4+41%) of the Wertheim glass is linked to the by 200 °C
increased forming temperature, which led to the disso-
lution of crystalline interfaces and thus the creation of
a more homogeneous glass.

30 possible compositional changes/improvements in the batch
may occur during the years in medium-sized foundries such as
Poesia. Given the uncertainty of the XRF analysis which cannot
detect Boron, such minor changes cannot be easily detected in
this study. Determination of the B, O3 content in the Poesia cullet
resulting from different production periods should be conducted
employing Electron Probe Micro Analysis (EPMA).

@ Springer
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(@ (b)
Fig. 36 a The fracture surface of an “FT Float 1120 °C, 2h bubble veils, and stone inclusion. b Fracture mirror of a “Float
—50 °C/h” specimen forms a characteristic example of multi- 10mm *35,970 °C” specimen, which failed at the crystalline-
ple flaws acting around a location, such as grinding damage, glass interface

(@ (b)
Fig. 37 Fracture surfaces of tack-fused Float glass beams ple of a standard flexural fracture, originating from the bottom
(650 °C, 1h). a Typical failure observed in this series, with the surface. Despite the visible traces of the fusion interface (red
fracture origin originating at the middle of the beam’s height, arrows), the bonding of the two float layers was sufficient at this
at the interface between the two float glass planes. The yellow location, leading to the monolithic behaviour of the beam and to
arrows show the direction of crack propagation (dcp). Zones of a higher flexural strength

insufficient fusion are also marked at the image. b Single exam-

@ Springer
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Comparison 4-point bending experiments

90
® FT Float, 1120°C

80 © FT Float, 1120°C, 2hr dwell, -50°C/hr
[ ] X Float 10mm*35/24 vertical layers, fused 970°C
70 L
8 ° A Float 10mm*2/3 horizontal layers, fused 970°C
°
60 ® ° ® AGC blue, 1120°C
& °
= x Car windshields Maltha, 1120°C
g 50 e 2
§ ® Poesia, 1070°C
i °
g 40 A Poesia, 970°C
3 8 X
@
o & Poesia frame/standard brick
30
o X Borosilicate DURAN tubes, 1120°C
X
2 Borosilicate DURAN 20/24 mm rods*17/10 vertical layers, fused 970°C
B Wertheim, 1020°C
20 Wertheim pellets, 900°C
0 Wertheim pellets, 820°C
L L L L L
L:
S 82 S ° 20*30*350mm glass beams,
= ] -] B £ 140/280mm supports
@ 2E o 2 o o
E Es Eg 2 £
5 é ‘g E g g %’ 30%30*240mm glass beams,
o o © o o 100/200mm supports
1% " o+ wv

Fig. 38 Comparison of flexural strength between current and prior four point bending experiments

Table 6 Comparison of the average Flexural strength and E modulus between current and prior four point bending experiments

Glass type  FT  float AGC blue Car glass Poesia Poesia Borosilicate
1120 °C 1120 °C Maltha 1070 °C stan- DURAN
1120 °C dard** Tubes
1120 °C
Experiment* L S L S L S L S L S L S

Average 47.7 43.7 63.6 62.9 30.1 41.1 50.5 66.5 44.8 50.4 46.1 42.5
flexural
strength
(MPa)
Average 75.3 72.7 76.1 76.5 74 - 70.4 75.8 68.7 - 62.4 66.8
Young’s
modulus
(GPa) by
DIC

*“L” refers to the current 4-point bending experiments (20 * 30 * 350 mm beam size, 140/280 mm load/support span) while *“S” to prior
testing (30 * 30 * 240 mm beam size, 100/200 mm load/support span, see Bristogianni et al. 2020)

**The Poesia reference beams in this study (L) are cut out from larger cast glass pieces (65 * 150 * 790 mm), than in the previous study
(S), where 65 *105*210mm cast glass bricks were used. Although the compositional differences between L and S beams should be
neglegible, the thermal history of the components could differ
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Considering the larger maximum stress area of the
longer span beams (4200mm? vs 3000mm?), lower
strength values would have been expected for all
specimens. This is because in general larger speci-
mens have a higher chance of a larger, more critical
flaw (Quinn 2003). However, in cases of concurrent
flaw populations—such as the studied cast glasses—
changing the specimen size may alter the significance
of one type of flaw over another (Quinn and Morrell
1991).

The explanation between the two observed trends
is that the purer specimens seem to predominantly fail
from machining flaws, which are of the same character
and magnitude in both series of experiments. There-
fore, similar strengths should can be expected. On the
other hand, in the case of the more contaminated sam-
ples (Car glass Maltha), indeed larger stones are traced
in the larger specimens, leading to a significant reduc-
tion of the strength (as anticipated), when such stones
are exposed at the area of maximum stress.

Also, when comparing the two tests, it is important to
take into account the change in the tested cross section
(30 *20mm vs 30 * 30 mm). In the current study where
the beam height is shorter, proportionally a higher zone
above the surface is subjected to high tensile stresses.
As a result, 4 out 57 (tack-fused excluded) specimens
failed from an inclusion above the bottom surface in
comparison to 1 out of 58 in the smaller span testing.

Lastly, it should be noted that the casting itself of two
different shapes can lead to small variations between
specimens of the same glass (due to different heat-flow
for example), apart from the alterations that can occur
due to randomness in the consistency of the cullet (e.g.
Car glass) or unexpected changes in the ratio of the
batch materials (e.g. Poesia glass).

The limited number of samples per glass type in
both four-point bending tests does not allow for deriv-
ing strength scaling ratios using the Weibull size scaling
approach. It pinpoints however the complexity arising
in strength prediction, when failure is governed by more
than one flaw type, and the glass quality is affected
both by changes in the geometry and minor variations
in composition as well as in the casting parameters.

@ Springer

4.2 Role of the different flaw types and uncertainties
in predicting the critical flaw

The previously identified defect categories are crys-
talline inclusions (and interfaces), infolds, bubbles,
cord and machining damage. Considering the prevail-
ing failure due to inclusions and infolds in the case of
Car glass Maltha or FT Float glass, compared to the fail-
ures from machining damage in more pure specimens,
in theory predictions could be made based on the most
critical from a pool of flaws at the bottom beam surface.
In addition, when studying the relationship of flexural
strength to flaw width in each glass series, usually a
direct inverse relationship exists between the two val-
ues (see fracture mirror surfaces in Figs. 39, 40,41, 42).
However, by studying the bottom surface of the spec-
imens upon fracture, it is often observed that failure
occurred at a much less prominent flaw, than the ones
situated in its surrounding (see Fig. 43a). Such phenom-
enarank on the one hand the criticality of each different
type of flaw, but on the other hand draw the attention to
three facts (i) stress gradients due to the loading condi-
tions (flaw location in/outside of maximum stress zone,
unevenness in the sample leading to asymmetric load-
ing) will expose some flaws more than others, (ii) more
than one type of flaw may be acting in combination (e.g.
machining damage together with bubble veil), weaken-
ing a specific spot, and (iii) the criticalness of a flaw
depends on its orientation in respect to the stress field.

In that sense, although in several cord-containing
specimens failure does not occur at the cord (Figs. 42,
43b, 44), the presence of cord could intensify a flaw
that by first sight looked less critical than its adjacent
(Fig. 43a). The presence of such a glass inhomogeneity
implies a minor local change in the mechanical proper-
ties of the beam (e.g. change hardness or fracture tough-
ness) that could alter the way the glass beam responds
to a flaw situated in this specific location. Similarly,
although bubbles in the bulk will not have a serious
impact on the strength, a bubble or bubble veil just
above the bottom surface will weaken this part of the
surface. Figure 43a also suggests that infolds, despite
their size, remain cavities that cause stress concentra-
tions around them during loading, but will not induce
stress themselves, as stone inclusions would do. In the
occasion of the simultaneous presence of similar size
infolds and stones at a surface, failure from a stone is
more probable.
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Fig. 39 Critical flaw (crystalline inclusion) leading to failure in the “FT Float 1120 °C series. The flexural strength increases with the

decrease of the flaw width

FT Float 1120°C, 2hr, -50°C/hr
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Critical
flaw width 191pm 1824um
and type Inclusion Infold/inclusion
Other bottom

surface flaws

Fig.40 Ciritical flaw at the mirror surface of “FT Float 1120 °C,
2h, —50 °C/h” specimens. The increased width of the inclusion
in L11 is responsible for the reduction of flexural strength by

Although grinding damage occurs in all specimens,
some glasses with lower hardness will develop deeper
scratches (as seen in Sect. 3.1). Moreover, specific loca-
tions will be more prone to parallel transverse grinding
scratches due to the grinding process in relation to the
beam geometry. This is particularly the case with the
fillet edges of the beams, which proved to be a critical
failure zone (Fig. 45).

Apart from large (> 1 mm) CSP inclusions located at
the maximum stress zone (in the case of Car glass—see
Fig. 46), or exposed crystalline interfaces (in the case of

Increased amount of bubbles, infolds, machining damage

more than 20 MPa. The surface quality is further weakened by
the proximity of bubble clusters

the fused samples at 970 °C) that can be characterized
as highrisk, all the rest of the flaws seem to have a versa-
tile role that depends on the population of surrounding
flaws and the exact loading condition (e.g. uneven load
introduction). This complex interaction highlights the
complexity of failure predictions and quality control
for real-world applications of cast glass components.
The subjection of such components to dynamic load-
ing and thus a variable stress field, leads to a continuous
shift of flaw activation, rendering a higher percentage
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Poesia 970°C

Critical
flaw width 190um
and type Machining damage

Other bottom

Cord, infolds
surface flaws

L3970/ HH

176pm 138um
Bubble Machining damage

Extensive bubble veils, cut surface bubbles

Fig. 41 Critical flaw at the “Poesia 970 °C” series. Several defects (e.g. cord, bubble veils) act upon the grinding surface damage,

leading to a 15 MPa range in the flexural strength
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Critical
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Grinding flaw at the fillet, out of cord zone
and type

Fig. 42 Mirror surface of Wertheim series. All specimens failed
due to grinding damage (rough fillet edge). Despite the pres-
ence of cord, the variations in the flexural strength (8 MPa) are

of flaws as dangerous than expected in an evaluation
with a static stress field in mind.

4.3 Observations on the stiffness and structure of cast
glass

The study showed that even in cases with an increased
density of flaws in the bulk (e.g. Car glass Matlha)
such as bubbles, coating residues and cord, the global
stiffness of the specimen will not be affected. On the
contrary, higher values were reported for kiln-cast SLS
glass specimens than for the original float glass cul-
let. Even in the case of extended discontinuations,
such as in the tack fused (650 °C) specimens, the E
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163um 157um

Grinding flaw at the fillet, within cord zone

less than in prior presented examples (e.g. Figs. 40, 41). In fact
the specimens that failed from a flaw situated in the cord zone
reached a higher strength

modulus was not reduced but stayed constant. This
fact combined with the results of the IET damping
values and the DSC tests suggests that the complete
kiln-casting process—including the prolonged homog-
enization dwell at top temperature, the slower cool-
ing rate down to the glass transition range and the
prolonged annealing until below the strain point—
contribute to a structural change in the glass net-
work. This densification seems to be increasing the E-
modulus, but could also simultaneously be increasing
the hardness of kiln-cast components—an hypothesis
that requires further investigation, as the thermal his-
tory could thus be increasing the brittleness. This infor-
mation will shed light to how the glass network around
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Zone of maximum tensile stress

* Projection of upper roller position
(a)

Fig. 43 a Bottom surface of an “AGC Clear & Car glass” com-
posite specimen, depicting the population of defects surrounding
the fracture origin. The cord originating from the mixing of the
two glasses is shown with yellow arrows. The specimen failed
from a much smaller flaw than its surrounding, either due to

(@

1000.00pm|

[1600.00pm|

accidental asymmetrical loading, or due to the influence of the
repeated transverse cord. b Mirror surface of a “Poesia 970 °C”
specimen that failed due to grinding damage. It is uncertain if
the presence of cord influenced the strength

[1000.0pm|

(b)

Fig. 44 Fracture origin in a a Poesia 970 °C and b Poesia 1070 °C specimen, showing that the occurring cord was not the cause of

failure

a flaw will respond once a tensile stress is applied. The
thermal history thus can counteract upon the chemical
composition.>! Given the multiple casting parameters

31 The previous study (Bristogianni et al. 2020) suggests that
some compositions are more favorable (e.g. Poesia, Wertheim)
than others, as they tend to deform more around a flaw due to
a higher ratio of alkali oxides over calcium oxide and small

and variables applicable from one casting foundry to
another, once more the issue of quality control of cast
glassisraised, including the impact of the imposed ther-

Footnote 31 continued
percentage of boron. This ability of micro-deformation leads to
the relaxation of the stress field and to a higher flexural strength.
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1000.0pm)|

(@)

Fig. 45 Examples of transverse surface damage such as repet-
itive scratches in a Poesia 1070 °C specimen (a) or continuous
parallel grinding scratches during the filleting of an AGC Blue

£ AL LSS \

(b

1120°C specimen (b). Transverse flaws have a bigger impact in
the strength than longitudinal flaws of the same sort, as in the
first case, a wider flaw zone is exposed to tensile stress

Fig.46 Large crystalline inclusion (3.6 mm wide) in a Car Glass
Maltha specimen, possibly originating from CSP contamination
in the cullet. Traces of metal and colour streak can be found in

mal history (beyond the study of internal stress) to other
obvious variations such as the chemical composition.
Nonetheless, the thermal history will affect both the
microscopic and the macroscopic properties of the cast
glass. At a macroscopic level, different types or more
flaws may appear due to alterations in the firing sched-
ule. As a direct example, the faster homogenization
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the stone. The fracture originated from the stone and not from
the bottom surface

at top temperature and the slower cooling imposed on
the FT Float glass, led to an increased amount of minis-
cule bubbles in the material. The fractographic analysis
suggests that the occurring flaws contributed to a lower
strength (by 20%) in a more significant manner than
any changes in the nanostructure of the network did.
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5 Conclusions

A total of 64 silicate based glass specimens were pre-
pared by kiln-casting at relatively high viscosities (10—
103 dPa s) or by modifying industrial glass products
into 20 *30* 350 mm beam size, to be tested in four-
point bending (140-280 mm roller spans). Prior to test-
ing, the defects of the kiln-cast samples were docu-
mented. These are grouped in casting-related defects
that occur both in the bulk and surfaces (crystalline
inclusions, glassy inhomogeneities and air bubbles) and
post-processing defects (e.g. machining, impact). From
the occurring defects, the CSP stones and cord were
identified as stress inducing.

A low number of specimens (1-5) was tested per
glass category, providing an indication on the flexural
strength and stiffness of each glass type, but not suf-
ficient data for deriving to statistical predictions. The
four-point bending experiments of kiln-cast glass spec-
imens showed a flexural strength range of 30-73 MPa,
according to the level of contamination and the chem-
ical composition of the glass. The measured E mod-
uli by the IET and DIC/4PB were in close agreement,
and ranged from 60 to 62 GPa for Borosilicate sam-
ples, 69-72 GPa for Poesia, 70-76 GPa for SLS glasses,
to 79GPa for the Wertheim glass. The “Wertheim
1020 °C” specimens, had the highest flexural strength
as, in terms of structure, the small addition of Al, O3
and B, O3 and the higher Nay O/CaO ratio contribute to
a higher bond strength yet more flexibility in compari-
son to a conventional SLS glass, while its fluidity at the
forming temperatures contributed to a smooth surface
without infolds or stones. The heavily contaminated
Car glass Maltha cullet rendered the lowest strength
results, when cast at 1120 °C, due to the presence of
even 3mm wide CSP stones. However, by adding ~
30% of a pure compatible SLS cullet to the original car
glass cullet, the strength improved by 29%. Improve-
ment by 19% in the flexural strength was also observed
in the FT Float composite beams, which showed an
equivalent strength to the industrially produced single
float glass panes (=56 MPa). Thus the engineering of
composite glasses can lead to the improvement of con-
taminated cullet, provided that no significant stress is
developed between the mixed glasses.

The fused (970 °C) and tack-fused (650 °C) spec-
imens had a reduced failure stress, either due to the
exposure of the crystalline interface at the bottom sur-
face or due to the insufficient bonding at the tack-fused

interface respectively. In the first case however, if the
crystalline interface was situated in the bulk (parallel
to the bottom surface), the strength was unaffected. On
the contrary, the majority of the tack-fused samples
failed at the interface due to high stress concentration
developing due to the improper bonding. Regarding
the kiln-cast specimens produced at higher tempera-
tures and the industrially produced glass specimens,
the majority failed from a flaw situated at the bottom
surface, at the zone of maximum tensile stress. Only
four cases showed failure from a flaw just above the
surface, at a maximum distance of 1 mm. Other flaws
situated in the bulk were not activated, showing the
increased capacity of voluminous cast glass specimens
to tolerate defects situated in the bulk, as long as the
inclusions’ thermal expansion coefficient and size do
not introduce stresses to the parent glass.

The main causes of failure identified were crys-
talline inclusions (and interfaces), infolds, bubbles, and
machining damage. Machining damage was the pre-
vailing cause of failure in the case of more pure speci-
mens and industrially produced reference specimens,
while contaminated or fused specimens failed from
crystalline inclusions. This pattern explains the double
trend observed when comparing the previously tested
kiln-cast specimens (30 * 30 * 240 mm) of smaller fix-
ture span (100-200 mm) with the current tested speci-
mens. Despite the expectation that scaling up the spec-
imens would lead to a general reduction in strength,
this effect was only occurring in the case of the con-
taminated samples. Given that the purer samples would
fail in both cases from similar grinding or impact flaws,
no significant differences would appear in the flexural
strength.

Regarding the degree of criticality of the different
flaws, it was observed that fracture will not always ini-
tiate from the most defect populated zone or from the
most suspicious singularity. This is linked either to the
presence of a stress gradient (e.g. asymmetric loading
due to surface unevenness of the beam at the rollers) or
to the simultaneous acting of more than one flaws on the
same spot. This fact reflects an engineering challenge
for real-world applications of cast glass, as the subjec-
tion of the components to dynamic loading can turn an
initially negligible defect (including defects in the bulk)
to the weakest link. Quality control and defect inspec-
tion therefore becomes a multi-dimensional (6D) prob-
lem, where the defect profile is determined by the type,
size, shape, location, orientation and the strength of the
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glass. Upon this matrix, two parameters are imposed:
the local stress field (combination of loading scheme,
component geometry and internal stresses) and the gen-
eral population of flaws. This highlights the complica-
tions involved in any attempt to do size scaling and
develop statistical predictions.

Adding to the above complexity due to the macro-
scopic defects originating from the casting and post-
processing of glass, microscopic alterations take place
in the glass structure as well, in relation to the imposed
thermal history. Both DIC/4PB and the IET measure-
ments showed an increase of the E modulus upon kiln-
casting, in the order of 2-3 GPa. In addition, the DSC
curves of selected samples showed an increase of the T,
by 7-17 °C and a lower fictive temperature for the kiln-
cast glass. Moreover, a lower damping was reported
for kiln-cast SLS glasses in comparison to the industri-
alized float glass. All the above information suggests
increased compacting of the glass network due to the
imposed slower cooling rates and the prolonged anneal-
ing schedule. This slower cooling could also be asso-
ciated with an increase in hardness and thus with more
brittle behavior of the glass. Further research is required
to verify these microscopic changes and to identify the
extent to which each individual factor (stiffness, hard-
ness) affects the overall structural performance. Still,
the effect the thermal history may have on the creation
of macroscopic defects (e.g. larger or higher content of
bubbles, extended crystallization) will have a greater
impact on the flexural strength than the changes that
the thermal history will impose to the glass network.

6 Recommendations

Several recommendations arise from this study con-
cerning the engineering, production, testing, and qual-
ity control of cast glass components for building appli-
cations. Regarding the glass selection and engineer-
ing, the design of composite glasses is a promising
idea worth exploring. Further experimentation with a
broader range of glass combinations of different qual-
ities is required, together with trials on the transition
interface between the two glasses (abrupt vs. diffuse).
Better grinding and polishing of the component surface
is advised to improve the strength of the specimens.
Regarding the mechanical testing, in general a larger
number of specimens (*230 per category) is required to
derive statistically valid conclusions and safe engineer-
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ing data. Particularly meaningful would be the testing
in large numbers of not only laboratory-produced, but
also industrially cast specimens by different manufac-
turers. In this manner, the effect of the casting process
(and thus of the thermal history and occurring defects)
on the strength of the components can be properly
studied. The reliability of the four-point bending test
can be increased by introducing soft aluminum strips
between the fixture pins and the glass specimens, to
reassure complete contact of the beam and the rollers,
and thus increased symmetry in the load distribution.
Moreover, the use of a universal testing machine of
smaller load capacity, closer to the expected failure
load, can increase the accuracy of the results. In addi-
tion, it is advised to perform four-point bending exper-
iments at different loading speeds, to investigate the
influence of the sub-critical crack growth on the fail-
ure stress. Higher accuracy in the IET measurements
can be achieved if completely rectangular beams with
sharp edges (no filleting) are used. Measurement of
the internal friction of the kiln-cast glasses should be
performed in a temperature range from room temper-
ature to annealing point in order to reveal structural
modifications occurring due to thermal history. This
information should be linked with repeated DSC testing
to investigate possible transitions in the Ty and fictive
temperatures, and Knoop hardness experiments to see
to what extent densification takes place. The investiga-
tion of hardness variations along the glass specimens
is important for understanding the gradient of critical
stress levels per flaw type and location along an inho-
mogeneous glass component.

In addition, the physio-chemical characterization of
the most common casting-related defects by Scanning
Electron Microscopy (SEM) is required, together with
the development of automated defect mapping method-
ologies for the produced components. The develop-
ment of a digital scanning system that documents the
type, shape and orientation of surface and bulk flaws
should be combined with repeated mechanical testing
and fracture analysis, to lead to a reliable mathemat-
ical prediction model. For more pure cast glass com-
ponents, the relationship between flaws and strength
may be straight-forward and quality control will be a
more simple process to follow. However, in the case of
more contaminated components, produced from recy-
cled cullet, defining the defect-strength relationship is a
complex, multidimensional problem. Machine learning
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techniques could potentially be employed to reach safe
strength predictions and aid the quality control process.
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