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Abstract

For any given environmental conditions the tensile strength of glass is a function of the
geometry of the critical flaw and the residual stresses in the vicinity of the flaw. The
strength of heat treated glass is conventionally considered to be equal to the sum total
of the residual stress and the extrinsic strength of annealed glass. Recent experiments
suggest that there is an additional contribution to strength due to crack healing. In
order to quantify it, uniaxial and equibiaxial strength tests on both as-received and
carefully annealed glass specimens were performed for different edge geometries and
edge finishes. The results show that strength recovery due to healing is significant and
this strength gain appears to correlate with the quality of the edge finish. Possible
explanations of this phenomenon are provided. Independently of healing effects, it was
also found that the edge quality has a marginal effect on the mean strength, but has a
significant positive effect at low fractile values often used in design applications.

Keywords: edge strength, surface strength, crack healing, residual stress.
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Introduction

Over the past century glass has been used in increasing volumes in buildings. Its role
has diversified: from simply supported panels for windows, to glass fagades with ever
increasing sizes of glass panels and smaller supported areas. The trend of using glass in
a more structural manner extends to other applications such as staircases and roofs.
Post-production processes such as tempering and lamination have brought about
significant improvements in the performance of glass. However, the fundamental
reasons for some of the strength and failure phenomena in glass are not fully
understood.

Theoretically glass is a very strong material, with an intrinsic (i.e. flawless) tensile
strength based on intermolecular forces as high as 32 GPa (Shelby 1997), but this is
significantly reduced by stress concentrations at the tip of surface flaws. These flaws,
also known as Griffith flaws, are unavoidable consequences of handling, transportation
or in-service weathering and are generally found in large numbers on the surface of
glass and can be classified as scratches or digs (Fig. 1). When the flaws are subjected to
crack opening stresses (aka mode I loading), the stress concentration at the crack tip is
described by the stress intensity factor K;, which is a function of the shape and depth of
the flaw. Irwin (1957) defined mode I loading as:

K; = Yo Jra (1)
where,

Y is the geometry factor accounting for the shape of the crack,

o is the tensile stress normal to the crack,

a is the crack depth.



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

It is particularly difficult to measure the flaw geometry and size prior to fracture. In fact,
the flaw tip tends to be too small or between surfaces in close optical contact that is
impossible to identify it from a top view with an optical microscope. Other instruments
such as surface profilometers are equally unsuitable as they are unable to penetrate to
the depth of the flaw tip. This difficulty is compounded further by the presence of
median and lateral cracks (Fig. 2) that extend from the tip of the surface flaw. These
cracks are formed when the glass is chipped or scratched, even when this is done by
carefully controlled indentation or cutting (Schula and Schneider, 2013).

A common way of increasing extrinsic tensile strength of glass is tempering (thermal or
chemical). These processes induce a residual stress state of compression in the surfaces
regions of the glass and tension in the core of the glass. The compression on the surface
enables the glass to resist tensile stresses at least as high as the residual stress,
providing that there are no flaws deeper than the pre-compression layer. The processes
of thermal and chemical tempering are not described here for brevity, but can be found
in more specific literature (Haldimann et al. 2008, Zijlstra and Burggraaf 1968).
Commercially annealed glass is not entirely stress-free, in fact a small degree of residual
stress, ranging from 4-11 MPa, has also been reported on as-received (commercially
annealed) soda-lime-silica glass from float plants. This residual stress in commercially
annealed glass is attributed to the cooling step in the annealing lehr of the float process
which is not sufficiently slow to prevent residual stress from forming altogether
(Zaccaria and Overend 2012). In this paper the term “annealed glass” is used to describe
soda-lime-silica glass that is free of residual stress. The laboratory process performed to

achieve this is described in subsequent parts of this paper.
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Recently it was observed (Nielsen et al. 2010) that the extrinsic strength (fzr) of fully
tempered glass (FTG) is not simply the sum total of the extrinsic strength of annealed
glass (f4n) and the surface residual stress (ozgs):

frr # fan — Ores (2)
But an additional strength is also recorded, leading to:

frr = fan — Ores + fueaL (3)
where fyg4;. is a strength gain due to crack healing.

A similar additional strength has been recorded (Zaccaria and Overend 2014) for
chemically tempered glass (CTG) suggesting that equation (3) could be extended to all
glasses that are subjected to a temperature profile of the type used in post-production
processes. Equation (3) indicates that the extrinsic strength is governed by the critical
flaw, residual stress and healing and is usually obtained from destructive tests, but the
contribution from healing is not fully characterised.

Crack healing can be defined as a spontaneous process consisting of crack closure
associated with a strength recovery. Griffith (1920) postulated that cracking could be a
reversible process only in the case of very narrow cracks, i.e. when the two cracked
surfaces correspond to one another and there is no debris between them.

Several researchers have studied the underlying causes of crack healing. The main
parameters investigated are humidity and temperature profile. Healing was measured
in terms of the energy required to re-open an artificial crack and in some studies was
also observed visually.

Crack healing was investigated in humid and inert conditions, noticing that humidity
prevents re-bonding by triggering chemical reactions at the flaw tip (Wiederhorn and
Townsend 1970). Michalske and Fuller (1985) focused on the effect of controlled levels

of humidity ranging from 0.01% to 100% and they also proposed a chemical model of
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crack healing. The effect of temperature on crack healing was studied by Hrma et al.
(1988), who investigated various temperature profiles and concluded that temperature
favours healing, but that prolonged heat treatments lead to weakening. In a study by
Inagaki et al. (1985) healing was observed visually on notched glass samples under
cyclic loading and crack closure was ascribed to a mechanism similar to hysteresis.
Crack closure was also visually observed by Girard et al. (2011), who took humidity and
heat treatment into account and described healing as a step-by-step process involving
relaxation of the stress immediately below the crack tip caused by indentation, crack
blunting, followed by crack closure.

The existing body of research identifies the main factors that appear to affect crack
healing in glass. All of the studies were performed by creating an artificial crack in glass
and subsequently measuring the energy required to re-open it. These studies provide
very useful information, but the phenomenon merits further investigation, in particular,
to quantify:

1- The extent to which realistic (rather than indented) flaws are affected by crack
healing. Realistic (Griffith) flaws would be expected to be more susceptible to
healing, due to their size and optical contact, but this has yet to be ascertained;

2- The true strength gain resulting from thermal crack healing. In fact, any thermal
treatment typically produces not only a residual stress (ozgs), which enhances its
performance, but also an additional strength due to healing (fyza.);

3- The effect of thermal crack healing on a realistic flaw population rather than on a
single flaw, and the strength increase at lower fractile values (rather than simply
on the mean strength) as these values are important in real-world applications.

The aim of this paper is to quantify the strength gain of glass due to crack healing

(fugaL) as a result of temperatures encountered during an annealing cycle. In doing so it
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addresses the three principal gaps in knowledge listed above. This is done by carefully
annealing as-received soda-lime-silica float glass. Annealing has the benefit of removing
any remaining residual stress in the glass while providing a heating cycle below its
transition temperature, thereby leaving the atomic structure unaffected. The annealed
glass is subsequently tested to destruction and these results are compared to strength
data obtained from as-received glass. To account for different realistic flaw populations,
one type of untreated glass surface and three types of industry standard edge finish are
tested on a coaxial double ring (CDR) and a 4-point bending (4PB) set-up, respectively.
The strength contribution of residual stress (oggs) is determined by photoelastic

measurements with a scattered light polariscope (SCALP) (Anton and Aben 2003).

Method
Standard soda-lime-silica glass (SLSG) has been used in this study. Its expected chemical
composition and properties are shown in table 1 and table 2, respectively.
Four series were investigated (Table 3), each consisting of:
- 16 as-received float glass;
- 16 as-received float glass subsequently annealed in the laboratory.
The series were tested as follows:

- Series I coaxial double ring (CDR), size of the specimens 150 x 150 x 6mm;

- Series I], III, IV four point bending (4PB), size of the specimens 150 x 20 x 6 mm.
The three series tested in 4PB differ from one another in terms of edge finish: as cut,
chamfered grinded, chamfered polished (Figure 3).

Surface pre-compression was measured with a calibrated scattered light polariscope

(SCALP 5.0).
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Specimen edges were investigated before and after annealing by means of an optical

microscope to identify any changes in flaw morphology.

Coaxial double ring tests

A CDR setup was used to test the surface strength of as-received and annealed glass
(Fig. 3). The glass specimens were tested using a universal testing machine with a 30 kN
load cell. The diameters of the loading and support rings were 51 mm and 126 mm,
respectively. A double hinged connection was placed between the cross-head and the
loading ring to ensure uniform contact between the loading ring and the glass. Before
testing, a UV-light detector was used to identify the tin side and all CDR specimens were
tested with the tin side in tension. A self-adhesive film was applied to the compression
side (air side) in order to hold the glass fragments together after fracture. The
specimens, jig sizes and the cross head speed comply with ASTM C 1499 (2003). The
crosshead speed of 0.02 mm/s was selected in order to fracture the specimens within 2
minutes, thereby limiting the effect of slow crack growth (Wiederhorn 1967 and Munz
and Fett 1999). The CDR setup induces an equibiaxial stress state on the surface of the
glass within the loading ring, therefore fracture is expected to originate at the largest
flaw within the loading ring, where the tensile stress is at its peak. Load at failure and

test duration were recorded.

Four point bending
A four point bending setup was used to test the strength of three different edge finishes
of as-received and annealed glass. The edge finish was as follows (Fig. 4):

- As-cut: the edge is sharp and might not be perfectly straight; density of flaws is

not controlled (DIN 1986);
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- Grinded: the edge is chamfered and grinded; chips and flaws are allowed; the
finish is opaque (DIN 1986);
- Polished edge: the edge is chamfered and polished; flaws and chips do not occur;
slight polishing marks are allowed; the surface finish is shiny (DIN 1986).
All chamfers are 1.5 mm long at an angle of 459. The different edge finish affects the
morphology and the density of the flaws, which will directly affect the stress at failure.
However, the effect of the flaws cannot be quantified non-destructively, but can be
determined by comparing the stress at failure.
The universal testing machine used is the same as for the CDR tests, fitted with a 4PB jig
that loads the 150 mm long glass specimens at third points (i.e. 50mm sheer span and
50 mm load span). A double hinged connection between the crosshead and the loading
arm allows the load to be applied uniformly. The sizes of the specimens and the jigs
comply with ASTM C 1161 (2008). A crosshead speed of 0.02 mm/s was used in these
tests, to induce fracture within 2 minutes.
The 4PB setup induces bending about the major axis of the specimens, thereby resulting
in a uniaxial tensile stress state which is constant along the 50 mm load span length of
the bottom edge (as-cut/grinded/polished). Fracture is therefore expected to originate
at the largest flaw within the load span. A transparent self-adhesive tape was applied on

both sides of the beam in order to retain glass fragments together after fracture.

Annealing and surface microscopy

Annealing was performed in the laboratory to remove the residual stress from the as-
received glass. The annealing cycle was identical to that used by El-Sayed and Hand
(2011) i.e. heating the glass at a rate of 2°C/min up to 560°C, holding for 2 hours and

then cooling it at 2°C/min to room temperature.



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

Edges of series II, IIl and IV were also examined with an optical microscope before and
after the annealing process (Fig. 5). Flaws were recorded and measured. The
investigation was carried out to establish whether the annealing process had caused

any visible morphological changes in the flaws.

Photoelastic stress measurements

Residual stresses were measured for all the specimens with a SCALP. One reading per
side per specimen was performed. For the series I the reading was made in the middle
of the plate where failure was expected to originate. For the remaining series 1], II], IV,
although failure was expected to originate at the edges, it was not possible to measure
the residual stress at this location due to restrictions of the device (Glasstress Ltd,
Scattered Light Polariscope SCALP instruction manual ver 5.5, unpublished).

A measurement representative of the residual stress of the specimen was therefore
made on the 20 mm side, parallel to the length of the specimen (Fig. 5). Typical SCALP
measurements are shown in Fig. 7 and 8 for as-received and annealed specimens,
respectively. The arithmetic mean of the residual stresses obtained for the respective
series are shown in table 5. Edge working in the form of cutting, grinding and polishing
is also expected to produce residual stresses in the vicinity of the edge, but it was not
possible to measure this and these residual stresses are assumed to be relatively
constant within each series thereby having a negligible effect on the comparisons made

in this paper.

Results
Stress at failure was calculated using Kirchhoff-Love plate theory for CDR tests and

Euler-Bernoulli beam theory for the 4PB tests.
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For CDR tests, in the particular case of annular loading and support stress at failure

equals (ASTM C 1499-2003 and Young et al. 2002):

3L 03-0f 9
o = 5= [(1-v)=55+ (1+v)in i] (3)

where,

L is the load at failure in N,

h is the glass thickness in mm,

@ is the diameter of the reaction ring in mm,

@, is the diameter of the loading ring in mm,

v is the Poisson ratio

@ is the diameter of a circle that expresses the characteristic size of the plate and for a

squared plate can be expressed as follows:

l

@ = h 1-0g (4)
0.90961+0.12652@+0.00168 lnT

where [ is the length of the side of the square glass specimen in mm.

For the 4PB tests, the reduction in second moment of area due to the chamfers was
taken into account, as failing to do so would lead to an error of 11.6% in tensile stress.
The relatively simple equations are not shown here for brevity.

In order to compare data independent of stress history, failure stresses were converted
to a 60 s equivalent stress (Haldimann et al. 2008 and Overend and Zammit 2012). This
represents the constant tensile stress to which the given specimen should be subjected
in order to induce failure after 60 seconds. In the general case this can be expressed as

follows:

Ote0 = [%fotf Un(t)dt)]l/n (5)

where,

10
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Ote0 1S the 60 s equivalent stress,

to is the equivalent time period, (60s),

o(t) is the stress history,

tr is the time at failure of the test,

n is the slow crack growth parameter, 16 for float soda-lime-silica glass (Haldimann et
al. 2008).

For the case of constant stress rate used in this study, Eq. (5) can be re-written as

follows:

tr ]1/n [6)

Ote0 = Of [tﬁo(n+1)
Mean 60 s equivalent failure stresses are shown in table 4.

Two-parameter Weibull statistical analysis was performed on the 60 s equivalent
failure stresses. The method of moments (EN 12603-2002) was used to find the best
fitting 2-parameter Weibull curve to the given test data. Table 6 shows: the resulting
Weibull parameters 6 and 3, representing the scale parameter and the shape
parameter, respectively; the Anderson-Darling goodness-of-fit statisticp,p; and the
0.001 and 0.5 fractile strengths, ff,0001 and ff,o s, respectively. The corresponding

cumulative Weibull plots are shown in Figs. 9-12.

The mean strength increase due to healing, ]_’Heal for each series can be determined by
re-arranging Eq. (3) and accounting for any residual stress that is present after the

laboratory annealing (0gesan), giving:

]_CHeal = 11_6 18 [(fan,e0 + Oresan) — (farso + UReSAR)]i (7)

where,
fan te0 is the 60 s equivalent strength of the i-th annealed glass specimen,

Oresan 1S the surface residual stress of the i-th annealed specimen,

11
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far teo is the 60 s equivalent strength of the i-th as-received glass specimen,

ORresar 1S the surface residual stress of the i-th as-received specimen,

16 is the number of specimens for each batch.

The expressions in the first and second parenthesis of Eq. (7) are a measure of the
extrinsic strengths of annealed and as-received glass, respectively. The difference
between the extrinsic strengths of annealed and as-received glass is a measure of the
strength gain due to healing. Equation (7) is in fact equivalent to:

fuearpx = [(fan,px + Oresan) — (far,px + Gresar)] (8)
where, for each series,

fHea1 px 1S the strength gain corresponding to the chosen fractile Px;

fan px 1s the annealed glass strength corresponding to the chosen fractile Px;

far px is the as-received glass strength corresponding to the chosen fractile Px.

In this paper Eq. (8) has been used to calculate the extrinsic strength gain due to healing
in each series at the 0.5 and 0.001 fractiles (table 7).

Comparison of flaws performed with an optical microscope before and after annealing
did not reveal any morphological changes in the density of the flaw. Typical
micrographs from this study are shown in fig. 6 a-d for as-cut and polished edge finish
(series II, IV). It was difficult to ascertain any differences in the depth of the flaws
perpendicular to the plane of view, but there was no apparent change to the length

along the plane of view and other visible morphological features.

Discussion
Thermal healing
The strength gain due to crack healing can be assessed by comparing the extrinsic

strength of annealed glass with the extrinsic strength of as-received glass for each test

12
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series. By considering mean values and 0.5 fractile (best-fit) values in table 7 it is
evident that strength gain occurs for all series. There are however significant
differences in the lower fractile (0.001) values. More specifically, the as-cut and the
grinded series show an extrinsic strength loss, whilst the CDR and the polished series
exhibit a gain in extrinsic strength. This suggests that healing can have a significant
influence on the low fractile values typically used in real-world applications, but that
this phenomenon is sensitive to the edge or surface quality. A further illustration of this
can be seen in the Weibull plots in figs. 9-12, which show that heat treatment was
successful in reducing the scatter of failure stress values (i.e. the gradient of the best-fit
line) for smaller flaws (CDR and polished series) whilst it increased the scatter for
specimens with larger flaws (as-cut and grinded series). Furthermore, the best-fit lines
of the polished series are almost parallel, indicating that the strength gain is fairly
consistent for all flaw sizes present on the polished edges.

The sensitivity of healing to edge/surface quality is confirmed further by considering
the 4PB series alone. Here the strength gain appears to be correlated with the quality of
the edge finish. More precisely, not only does the edge quality correlate with higher
strength (as expected), but the extrinsic strength gain from thermal healing is also more
significant. This trend is confirmed by the 0.001 fractile although in this case the
improvement is from a significant strength loss for the as-cut series (-28.8%) to a
moderate strength loss (-4.1%) to a substantial strength gain (+35.0%).

In comparison, series I showed healing for all the fractiles, but the healing had a much
larger beneficial effect on the lower fractile strength. This suggests that of all the flaw
populations considered in this study, healing was most effective for the smaller flaws

encountered on the glass surface (series I).

13
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Microscopical investigation of the edges before and after annealing did not show any
change in flaw morphology (Fig. 6). However this does not rule out that a morphological
change occurs at a smaller scale or on areas which are impossible to investigate with an
optical microscope. A comparison of the flaw size and morphology before and after
annealing would help to explain the nature of the healing mechanism. Currently it is
possible to measure it only after failure (Fig. 13), but not before, thereby ruling out the
possibility to know the flaw size before annealing. However, a possible explanation of
the thermal healing mechanism can be drawn by merging the findings of this
experimental investigation with the existing literature. In fact, it is likely that in the
vicinity of the flaw tip a combination of applied stress, morphology of the flaw and
humidity affect the strength before and after heat treatment. Namely, in as-received
float glass (before heat treatment) (Fig. 14a):
- Avresidual stress profile with compression on the surface and tension in the core
exists. This is typical of as-received float glass;
- There is humidity at the flaw tip.
- The crackis formed and its geometry is characterised by a sharp tip;
- This is immediately followed by the formation of radial/median/lateral cracks
just below the flaw tip (Schula and Schneider 2013);
- Crack formation also causes local stresses at the flaw tip, similarly to those
generated during an indentation (Anunmana et al. 2009);
After heat treatment (annealing) (Fig. 14b):
- The residual stress profile is relaxed as confirmed by the photoelastic stress

measurements performed in this study;
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- The crack retains its overall morphology as confirmed by the visual inspection
(Fig. 6), but an optically invisible blunting at the crack tip may occur. This
increases glass strength by reducing stress concentrations (Watson et al. 2013);

- And/or sub-critical cracks tend to close (re-bonding) as they match the
definition of reversible cracks (Griffith 1920);

- Local stresses in the vicinity of the flaw tip undergo relaxation (Girard 2011);

- Ifthe crack surfaces are in close optical contact humidity levels at the tip would
not rise instantaneously, thereby, leading to an apparent gain in strength
(Wiederhorn and Townsend 1970,Michalske and Fuller 1985), but on its own it

cannot explain the increase in strength observed in this study.

Edge strength

Another important finding independent of thermal healing, is that the quality of
surface/edges (i.e. flaw density and morphology) investigated in this study (which are
typical of those found in real-world applications) has a relatively small influence on the
mean and 0.5 fractile strengths, but has a very significant effect at the low fractile
strengths commonly used in design applications. For example, polished edges in the as-
received glass are on average 4.7 MPa (3.5%) stronger than as-cut edges (table 4), but
the strength of polished edges at the 0.001 fractile value is 39.4 MPa (114.2%) higher
than that of as-cut edges (table 6).This influence of edge finish at low fractile values is
even more pronounced after thermal treatment (annealing). The reason for this
sensitivity at low fractile values is that although the mean (and 0.5 fractile) values are
only marginally affected by edge finish, the scatter of failure strengths (and implicitly
the flaw sizes) are significantly reduced by grinding and more so by polishing. This is

also evident in the magnitude of the shape parameter £ in table 4 and manifests itself in

15



366  theincreasing slope in the best-fit lines when comparing across fig. 10, fig. 11 and fig.
367 12.

368

369 Conclusions

370  This study showed that thermal healing of realistic flaws can induce a significant

371  strength gain in soda lime silica glass. This was quantified by testing as-received glass
372 specimens and glass specimens carefully annealed in the laboratory and comparing
373  their strength at failure. The effect on glass surface strength and on the edge strength of
374  three different edge finishes was considered. The results showed that the mean strength
375 increase for the glass surface, as-cut edges, and grinded edges was in the order of 1.9%
376  to 4.8%, but that this increase was 18.9% for polished edges. The effect of thermal

377  healing at low fractile values used in design applications (e.g. 0.001) was even more
378 pronounced for the polished edges with an increase as high as 35%, whilst as-cut and
379  grinded edges showed a decrease of 28.8% and 4.1%, respectively. The overall trend
380 was that a better quality edge finish resulted in a higher strength gain or healing.

381  This study also showed that for the low strength fractiles commonly used in design

382  applications, a good quality edge finish results in significantly higher edge strength.
383  Namely as-received polished edges proved to be 114.2% stronger than as-received as-
384  cut specimens. The same figure for average values is as low as 3.5% instead. The

385  benefits of a good quality edge finish at low fractile values are even more substantial
386  when glass undergoes thermal healing.

387 More work is required to better understand crack healing, in particular there is a need

388 to:
389 - Investigate different heating cycles. In fact cycles at a temperature higher than
390 the transition temperature may trigger increased morphological modifications

16
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and changes at the atomic structure level. Also, thermal heating cycles typical of

thermal tempering and chemical tempering could be of crucial importance for
the application of these products;

- Investigate the morphological change of both natural flaws and artificially
induced cracks, with the help of more powerful instruments, such as an atomic
force microscope;

- Investigate crack healing for different surface flaws population (i.e. as-received
glass vs naturally weathered glass) to determine whether healing has a similar

effect on different surface flaw populations.
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Notation list

The following symbols are used in this paper:

a = crack depth;

fan = extrinsic strength of annealed glass;

fan px = annealed glass strength for a given fractilePx;

fan ts0 = 60 s equivalent strength of the i-th annealed specimen;
far px = as-received glass strength for a given fractilePx;

farte0 = 60 s equivalent strength of the i-th as-received specimen;
ff:0.001 = 0.001 fractile strength;

ff05 = 0.5 fractile strength;

frr = extrinsic strength of fully tempered glass;
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fugar = strength gain due to healing;

7Heal = average strength gain due to healing;

fHea1 px = Strength gain due to healing for a given fractilePx;

h = glass specimen thickness;

K; = stress intensity factor for mode I loading;

L =load at failure;

[ = length of the side of the square glass specimen;

n = slow crack growth parameter;

to = reference time period;

ty = time to failure;

Y = flaw geometry factor;

p = surface strength shape parameter describing Weibull distribution;
0 = surface strength scale parameter describing Weibull distribution;
v = Poisson’s ration;

m =3.14159265359;

pap = Anderson-Darling Weibull goodness of fit index;

o= nominal tensile stress normal to the crack plane;

oy = stress at failure;

o™ (t) = stress history;

Ogrgs = surface residual stress;

Oresan = surface residual stress of the i-th annealed glass specimen;
Oresan = average surface residual stress of annealed glass;

Oresar = surface residual stress of the i-th as-received glass specimen;
Oresar = average surface residual stress of as-received glass;

Ot60 = 60 s equivalent stress;
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@ = diameter of a circle that express the characteristic size of the glass plate;
@, = diameter of the loading ring;

@¢ = diameter of the reaction ring.
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541

Fig. 14. Schematic explanation of crack healing: (a) flaw, as-received float glass, (b) in-

lab annealed glass.
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545

Tables

Table 1. SLSG composition (% mass) according to EN (2004).

Si02

CaO

Nazo

MgO

Al203

Others

69-74%

5-14%

10-16%

0-6%

0-3%

0-5%
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546 Table 2. Relevant SLSG properties.

Property Symbol  Value Source
Density (kg/m3) P 2500 Haldimann et al. (2008)
Young’'s modulus (MPa) E 70000 Haldimann etal. (2008)
Poisson ratio (-) v 0.23 Haldimann et al. (2008)
Stress intensity factor (MPa m1/2) Kic 0.75 Overend and Zammit (2012)
Slow crack growth parameter n 16 Overend and Zammit (2012)
Coefficient of thermal expansion (10-6K-1) ar 9 Haldimann et al. (2008)
Glass transition temperature (°C) Ty 575 Shelby (1997)
Annealing point (°C) Ta 550 Shelby (1997)
Photoelastic constant (TPa) C 3.01 Nielsen (2010)

547

548
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549 Table 3. Summary of test specimens.

Series Dimensions (mm) Edge Finish

Test

# of specimens

I1

II1

v

150x150x6

150x20x6

150x20x6

150x20x6

N/A

As-cut

Grinded

Polished

CDR

4PB

4PB

4PB

16 as-received

16 annealed

16 as-received

16 annealed

16 as-received

16 annealed

16 as-received

16 annealed

550

551
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552 Table 4. Test data and 60 s equivalent failure stresses.

Series Failure stress 60 s equivalent stress Standard Deviation
(MPa) (MPa)
As- Annealed As- Annealed As- Annealed
received received received

I 179.3 181.0 147.3 148.9 74 51

11 173.1 172.6 134.5 135.2 28 38

111 170.2 175.0 135.0 139.4 21 23

v 181.3 2119 139.2 163.6 18 16
553
554
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555 Table 5. Measured residual stresses.

Series Mean Residual stresses Standard Deviation (MPa)
(MPa)
As-received Annealed As-received Annealed
I -4.6 -2.2 0.37 0.71
11 -4.2 -2.4 0.52 0.67
[11 -4.4 -2.5 0.53 0.59
IV -35 -2.2 0.61 0.56
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558 Table 6. Weibull analysis of 60 s equivalent failure stresses.

Series Weibull Goodness-of- Fractile Fractile

Parameters fit strengths strengths

0 B Pap fros fr.0001
I As-received  175.6 2.02 0.071 146.4 5.7
Annealed 167.0 3.27 0.11 149.7 20.3

I As-received 1489 4.72 0.11 137.8 34.5
Annealed 151.8 3.75 0.01 137.7 24.1
- As-received  145.0 6.80 0.32 137.5 52.5
Annealed 151.3 6.08 0.29 142.5 48.6
v As-received  146.1 10.13 0.42 140.9 73.8
Annealed 170.6 12.25 0.55 165.6 97.1

559 Note: values in italics indicate a poor Weibull fit.
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561 Table 7. Summary of extrinsic strengths and strength gains.

Series Extrinsic strength of Extrinsic strength of Extrinsic Strength gain
Annealed glass As-received glass (MPa)
(MPa) (MPa)
fanpx + ORresan faRPx + Oresar fHear
Mean 0.5 0.001 Mean 0.5 0.001 Mean 0.5 0.001
4.0 5.7 17.0

I 146.7 147.5 18.1 142.7 1418 1.1
(2.8%) (4.0%) (offlimits)

2.5 1.7 -8.8
(1.9%) (1.3%) (-28.8%)

II 132.8 1353 217 1303 133.6 30.5

6.3 6.9 -2.0
(4.8%) (52%) (-4.1%)

I11 1369 140.0 46.1 130.6 133.1 481

25.7 26 24.6
(18.9%) (18.9%) (35.0%)

IV 1614 1634 949 135.7 1374 703

562
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