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optical retardation (path length difference between the e-ray and
o-ray)

optical retardation along curved ray path

optical retardation along straight ray path

stress-optic coefficient (photoelastic coefficient)

absolute stress-optic coefficients

straight ray inversion

curved ray inversion

curved ray inversion that removes the reconstruction errors caused
by the influence of compositionally induced refractive indices
stress profile calculated by using SRI

stress profile calculated by using CRI

surface stress

refractive index of glass substrate (core)

depth dependence of refractive index of unstressed glass (contains
compositional component)

refractive index of glass prism

incidence angle in glass prism

lithium aluminosilicate glass

sodium aluminosilicate glass

depth of compressive stress layer (case-depth)

modulus of rupture (bending strength. flexure strength)

energy dispersive X-ray
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1 INTRODUCTION

1.1 Correlation between internal residual stresses and
overall strength of glass plate

The fundamental purpose of both thermal tempering and chemical strengthening
is to create compressive stresses near the surface. The physical pressure thus
altered at the surface adds a substantially higher tensile stress requirement to the
external forces required to grow cracks. Similarly, the resistance to abrasions is
also increased. Effectively, glass becomes much stronger. Strengthening is
carried out at temperatures below glass transition temperatures to avoid/reduce
stress relaxation.

Strength (MPa)

Surface Compression (MPa)

Figure 1.1 Relationship between the surface compressive stress and breaking strength
of thermally tempered glass plates (GPD 2005 [1]).

Figure 1.1 shows correlation between surface stresses measured with grazing
angle stress polariscope GASP (StrainOptics Inc., USA) and bending strength.
GASP can measure stress at tin side only because the refractive index is then
high enough for several successive curved refracted rays to resurge. Authors
concluded that a good correlation has been observed between surface compres-
sive stress data and mechanical strength measured according to standardized 4-
point bending test. This correlation is higher when both measurements are
carried out on the same side and on uncoated float glass specimens. Similar
results have been obtained by several other authors [2-3].
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1.2 Overview of evolution of scattered light method for
stress measurement in tempered glass plates

James Clerk Maxwell predicted the possibility of scattered light method already
in 1853 [4], but was experimentally discovered by Weller in 1941[5]. The
scattered light method can be used to measure the stress profile measurement in
thermally tempered glass plates. Note that transmitted light can only be used for
edge stress measurement of glass plates. Although there is some correlation
between edge stresses and surface stresses [6], it is impossible to retrieve pre-
cise surface stresses from edge stress measurement results. Bateson et al. [7]
introduced laser as a light source for the method.
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Figure 1.2 Cheng’s original experimental setup for scattered-light method to determine
stress profile in thermally tempered glass plate. (a) Experimental setup; (b) measured
fringe order along light ray path; (c) Residual stress along light path (here and in this
thesis compressive stresses have negative values). (Cheng [8]).

In early studies stresses were calculated directly from Rayleigh scattered light
fringe patterns (by detecting spatial modulation periods of scattered light inten-
sity). Figure 1.2 shows Cheng’s measurement setup, where monochromatic
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linearly polarized light is passed through glass plate at incidence angles of 82°
and 84°. Such high incidence angles increase the number of full fringes view-
able. Compensator or wave-plates were not used in this setup. Glass plate under
study was in immersion oil, to eliminate refraction at point A. Camera sight was
at 45° to glass surface for ensuring maximum fringe visibility. Stress profile
was calculated from fringe order, which itself in turn is calculated from the
maximum or minimum intensity fringe positions.

Cheng also proposed the dual-observation scattered light method [9]. The
scattered light intensities are recorded simultaneously along two directions of
observation. This gives same effect as a compensator with fixed position is
used. Both fringe patterns can be used to calculate stresses, thus enabling some-
what more precise measurement of stress profile.

Many authors pointed out problems of recording and interpretation of the
scattered light fringes [7-8, 10-11]. Consequently, the phase modulation
method was introduced by Colombotto et al. [12] after recognizing that the
optical retardation resulting from the birefringence can be evaluated by
modulating the polarization state of incident light. This way, scattered light
intensity at each point along the light beam is modulated at a suitable constant
frequency. Hence, the Cheng’s classical method of inspecting fringe patterns by
CCD camera could be replaced to form the basis for an automatic measuring
system.

TV camera

Glass plate with
flat parallel faces

Motor driven
inclination

Figure 1.3 WeiBlmann & Diirkop’s original setup to measure the phase shift of scattered
light in a tempered glass plate. (Weilmann & Diirkop [13])

Figure 1.3 shows setup used by Weilmann & Diirkop to automatically measure
stress profile. Phase shift and the corresponding stress distribution through the
thickness of a tempered glass plate, assuming a uniform strengthening from
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both surfaces, which results in symmetric close-to-parabolic stress profile. Light
from helium-neon laser was first modulated by means of a rotating half-wave
plate and then passed through a fixed quarter wave plate before passing through
a coupling prism into the test sample.

Basic concept of phase modulation method with the use of wave-plates
(compensator can be used for the same purpose) is as follows: After linearly
polarized incident light passes through the A/4-plate the polarization state of the
light (elliptically, circularly or linearly polarized) is controlled by the angle
between the optic axis of the A/4-plate and the direction of the polarization
plane of the incident light. Therefore the rotation angle of the A/2-plate directly
determines the polarization state of the light that comes out from the A/4-plate.
Figure 1.4 illustrates that by rotating the A/2-plate, the scattered light intensity
begins to modulate in depending on the rotation angle of the plate. By
measuring the dependence of the scattered light intensity on the rotational angle
of the plate ¢ for two spatially close points x; and x,, one obtains two sinusoids
with a phase difference A, which in turn gives the residual stress:

A% = car

where Ax is the distance between x; and x,, 4 is wavelength of light and C is
stress-optic coefficient of glass in Brewsters (Br). For example, one option to
determine C is to use automatic birefringence measurement device ABR-10A-
EX (Uniopt Ltd., Japan). Another option for same measurement is to use an
automatic polariscope AP-07 (GlasStress Ltd., Estonia). The disc-shaped samples
are prepared and a load is applied diametrically, and the corresponding change
in the optical retardation is measured.

N

\

Xi Xz X
Figure 1.4 Phase modulation method: measurement of phase shift of the scattered light
intensity allows the stress to be determined. Light propagates along the direction of x-
axis. We observe that by rotating A/4-plate by angle ¢ scattered light intensity modula-
tion starts spatially moving. Therefore scattered light intensity modulation can be ob-
served at each point along the light ray.
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The scattered-light technique was further developed by Shepard et al. [14] to
measure wider range of residual stresses (including those of low magnitude)
across the thickness of flat and moderately curved glass products, utilizing
modern digital imaging equipment to substantially improve monitoring effi-
ciency. The general experimental arrangement was similar to that adopted by
WeiBlmann & Diirkop [13], but included a compensator instead of a set of fixed
and rotating wave-plate. Anton [15] developed compact polariscope based on
oblique incidence scattered light method for stress profile measurement in tem-
pered glass plates. Tennakoon [16] developed a polariscope that is based on
detecting fluorescence instead of directly detecting Rayleigh scattering. How-
ever, the same e-ray and o-ray that induce Rayleigh scattering are also inducing
fluorescence, so therefore this method is also basically another version of
scattered light method.

1.3 Compensating (removing) the influence of
light ray bending

For strongly refractive media such as chemically tempered glasses where the
component of the refractive index gradient Vn is perpendicular to the propaga-
tion direction of the light beam, the straight ray inversion can lead to significant
reconstruction errors; therefore, inversion schemes must be developed to
include refraction correction.

Consequently, reconstruction algorithms have been developed to compensate
the influence of the bending of light rays. In numerical experiments where these
algorithms were applied to optical retardation profiles numerically generated
from a known stress field, iterations often departed from the known field after
approaching the reference solution first. Dolovich et al. [17] described an itera-
tive approach to remove the influence of light ray bending from transmission
photoelasticity. Dolovich & Gladwell [18] tested iterative schemes for re-
constructing refractive-index fields to establish sufficient conditions for con-
vergence. Lira & Vest [19] reviewed iterative approaches, intended for refrac-
tive index reconstruction, for which convergence is not guaranteed. Acosta et al.
[20] presented an iterative tomographic algorithm for the reconstruction of
refractive-index profiles for fiber preforms and GRIN lenses from the measured
deflection angles of refracted light beams.

All other previous studies on the influence of light ray bending in residual
stress tomography focused on the photoelasticity of transmitted light. Initial
studies on the light ray bending influence in transmitted light photoelasticity
were carried out by Bokshtein [21]. Hecken & Pindera [22] and Aben ef al. [23]
proposed to integrate the experimentally measured deflections of light rays into
the photoelastic theory. Pagnotta & Poggialini [25] also used Aben’s concept of
experimental measurement of the light beam deflections to compensate the
influence of light ray bending in transmission photoelasticity in residual stress
measurement in axially symmetric fiber preforms. They used experimentally

14



measured radial refractive index profiles instead than Maxwell’s stress-optic
equations that were reported by Dolovich ef al. [17]. The fiber was scanned
with a He-Ne laser and the deflections of the laser beam were analyzed to
determine the radial refractive index profile. The authors described experi-
mental and computational results (optical retardations along the curved ray path
and straight ray path).

Data

| Straight Ray Inversion |

Straight Ray Stress Field Approximation

—>| Strain-Gradient Theory |

Ray Approximation

l Curved Ray Inversion l

!

Stress Field Approximation

r.10t. Termination Criterion lm—stop
satisfied

Figure 1.5 Dolovich’s iterative scheme for curved-ray data analysis. It is based on
similar versions of this scheme used before by other authors. (Dolovich et al. [17])

Figure 1.6 shows Acloque & Guillemet’s stress measured method based on
measuring optical retardation shift due to on light ray bending (transmitted light
gradient photoelasticity [25]). Bending of light rays might be a source of error
in photoelastic tomography. But parabolic stress profile can be calculated from
refraction-induced optical retardation. However, this method is limited to stress
profiles of known shapes, for example, a near-parabolic stress profile in ther-
mally tempered glass plate. The exact shape of the stress profile in thermally
tempered glass plate can be described by the theory of Narayanaswamy [27] or
Indenbom [26]. Stress profiles in chemically strengthened glass plates can have
engineered shapes [28], which can’t be measurable by the transmitted light
gradient photoelasticity.
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\\‘.N Region of Compression

Region of Tension

Region of Tension

Region of Compression

Figure 1.6 Concept of transmitted light gradient photoelasticity stress measurement
method: Light ray passing obliquely through a thermally tempered glass plate. In actual
experiment light ray passes through plate along N’ but in rectilinear model assumed to
pass along N. (Acloque & Guillemet [26]).

1.4 Chemically strengthened lithium aluminosilicate glass

Chemically strengthened aluminosilicate glass, which has high impact and
scratch resistance, has been used as a protective cover for space solar panels
[29], mobile devices [30] and mirror foil for future X-ray telescopes [31]. Note
that case-depth for aluminosilicate strengthened by K'<»Na" ion-exchange is
limited to ~50 um. Chemically strengthened lithium aluminosilicate glass can
be ion-exchanged to produce the same value of high surface stress (with a
magnitude of ~1000 MPa) as aluminosilicate glass, although, lithium composi-
tion allows to create also a large case-depth (up to 1000 um). Varshneya et al.
[33-36] has published a lot on chemically strengthened lithium aluminosilicate
glass, which was used as a layer in bullet-proof armor plates. Residual stress
profiles in all of these enhanced glasses can be measured with the gradient
scattered light method, underscoring the importance of further studies on the
subject.

1.4.1 Sequential and single-step preparation method

Double ion-exchange (DIOX) of lithium aluminosilicate (LAS) glass is defined
as strengthening by two different species of ions: K™ and Na". Those ions take
part in two ion-exchange processes: K'«»>Na" and Na'«<Li". The magnitude of
surface compression as well as the case-depth needs to be increased to create
stronger glass. Our aim was to investigate glasses that fulfill both of those
qualities simultaneously. Although K'«<>Na" ion exchange process in sodium-
containing glasses generates high surface compression up to ~1000 MPa [33],
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case-depths remain generally less than 100 um. Efforts to increase case-depth
by increasing the salt bath temperature have resulted in relaxation of the bene-
ficial surface compression. Achieving case-depths greater than 150 pm requires
Na'<Li" ion exchange — the glass sample should contain lithium ions and
immersed in molten NaNQOj.There are two options to perform this. (1) In the
sequential method of chemical strengthening, the LAS glass containing Li"
and Na® ions is immersed in sodium salt bath, followed by immersion in a
potassium salt bath, as described by Marusak [37]. (2) In contrast, the single-
step method, introduced by Saunders & Kubichan [38], uses a mixture of salts
instead of separate salt baths.

1.4.2 Literature overview of stress profile measurement

Jannotti et al. [34] suggested simplifying the measurement procedure by using
the so-called direct “fringe-counting” technique, instead of compensator based
method for e stress profile measurement in chemically strengthened LAS glass.
Jannotti argued that fringe counting is far more reliable method compared to
compensator based method, in case of high magnitude of surface compression
and steep stress gradients just beneath the surface. Main argument for that was
the use of suitable compensator, such as Berek compensator, leads to some level
of subjective judgment as whether the (dark) zero-order fringe has been moved
to the properly track it down in order to locate the precise position (i.e., sample
edge).

(a) (b) ; ﬂ Ed
= mg‘ L D
] ﬂsueﬂg
_____ Zero order fringe

0.78 mm

Figure 1.7 (a) Isochromatic fringe patterns as viewed through a polarization microscope
of (b) unstrengthened surface of the chemically strengthened LAS glass, after Jannotti
et al. [34]. Also shown is (c¢) an enlarged image of the bottom edge of the un-
strengthened face which illustrates the large number of fringes and increasing fringe
density toward the edge.
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LAS glass slabs were strengthened using Saunders-Kubichan’s two-step ion-
exchange process. Figure 1.7 shows the isochromatic fringe pattern through
polarization microscope of thick specimen (20x10x8 mm). Positions of fringes
were measured to determine stress profile. Notice that locating the isoclinic
black line (zero stress fringe) enables to determine case-depth value (780 pm),
marking the transition from compressive to tensile stress depth-region.
Figure 1.8 shows that the isochromatic fringes become indistinct near the
surface, mainly as a consequence of the high stress gradient. Figure 1.8 gives
much sharper fringes near the surface when viewed under green polarized light
with the aid of an optical microscope (10 X objective), with 15 fringes in
compression zone and approximately two in the tension zone. These
measurements show a maximum compressive stress of 265 MPa. Comparison
of Figure 1.9 and Figure 1.10 indicates that is impossible to determine near-
surface stresses in case of thick test-specimen.

-15-13 -11 9 -7 5 -3-2-1 0 +1 +2

<+«— 0.78 mm
(Case-depth)

Figure 1.8 Optical micrograph of the isochromatic fringe patterns as viewed through
the unstrengthened side using a 10 X objective and a circular polariscope (dark view-
field arrangement) with a green optical bandpass filter centered @ 550 nm, after Jan-
notti et al. [34]. A total of 15 fringes in compressive region and two fringes in tensile
region are observable.
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Figure 1.9 Stress profile of a thick (9.9 mm) chemically strengthened LAS glass
sample, after Jannotti et al. [34].Negative values represent compressive and positive
values tensile stresses.
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Figure 1.10 Combined stress profiles obtained using the stress profiles the thin (up to
25 um depth) and the thick specimens, after Jannotti et al. [34].
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2 OBJECTIVES AND PRIMARY PROPOSITIONS

The main aim of this work was to find new optical methods based on scattered
light method to measure stress in chemically strengthened glass.
Within this agenda, the specific objectives of this work were:

e To evaluate stress profile in chemically strengthened glass by
confocal detection of Rayleigh scattered laser beam.

e To develop a theoretical model for removing light ray bending
influence from stress profiles measured by oblique incidence
scattered light method. Such algorithm should be able remove
refraction-induced errors from already measured stress profile as a
post-processing procedure. Aim was to develop an algorithm that
would be suitable to use in automatic polariscope SCALP.

e To investigate stress profiles of chemically strengthened LAS glass.

e To investigate stress inhomogeneity of thermally tempered glass
plates using scattered light method.

Primary propositions:

e Confocality enables detection of light from microscopic spatial
volume, so it should be possible to use this kind of detection method
with scattered light technique.

e [terative schemes have successfully used in transmitted light photo-
elasticity to remove the influence of light ray bending from stress
results.

This work thus combines theoretical modelling and experimental measure-
ments, as both were needed to reach the objectives.
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3 CONFOCAL SCATTERED LIGHT METHOD (PAPER IiI)

With confocal microscopy, an optical signal can be detected from a microscopic
volume in a transparent sample. From a microscopic point of view, a laser beam
can be considered as a nearly homogeneous collimated light beam. Confocal
microscopy allows scanning within the light beam and collecting Rayleigh
scattered light from a microscopic volume. The collected spatial intensity
distribution of Rayleigh scattering indirectly characterizes the depth profile of
stress in the tempered glass with very high spatial resolution. The diameter of
the laser beam is commonly more than 100 um, while by using high numerical
aperture immersion objectives the detected confocal volume can be only a few
um’. Hence, the confocal imaging of a line along the propagation direction of
the laser beam using a micro-translation stage is the same as the observation of
a very narrow light beam propagates through the glass plate. The chemically
tempered glass sample is at an angle y (see experimental setup in Figure 3.1)
which allows a depth scan into the glass. At each confocal point, the
dependence of the intensity of the Rayleigh-scattered light on the polarization
state of the incident light can be measured, controlled by the rotation of the
wave-plates.

3.1 Principle of the method

3.1.1 The measurement procedure

A uniformly (from both surfaces) chemically strengthened glass plate may be
considered as a uniaxial crystal having an optic axis perpendicular to the
surface. Secondary principal stresses g; and a3 lie in the directions in which the
e-ray and o-ray are linearly polarized. If polarized light is incident at an angle to
the optic axis of the crystal, it becomes the e-ray which is linearly polarized in
the direction of the optical axis, and the o-ray which is polarized in the optical
axis, polarized transverse direction.

Similarly to WeiBmann & Diirkop [13] we also used the phase modulation
optical system consisting of wave-plates to determine the stress profile.
Figure 3.1 shows that before entering into a chemically tempered glass plate
light from a laser is passed through a rotating A/2-plate (with rotation angle ¢)
and a fixed A/4-plate.
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Figure 3.1 The experimental setup for implementing of the phase modulation method
for measuring the stress profile. Scattered light outside the confocal point is rejected
(cut off by confocal slit). The laser beam is directed along the lines of uniform stress.
Full description of experimental setup is given in Paper VI.

For stress measurement the surface of the sample was focused as a reference,
and then the confocal point was scanned inside the glass. The A/2-plate was
rotated and at each step the Rayleigh spectrum (see Figure 3.2) of the scattered
light was registered. Any kind of compensator (for example a liquid crystal
compensator) can be used instead of wave-plate system. The confocal point was
shifted by Ay = 100 pum along laser beam path and the measurement procedure
repeated. Note from Figure 3.1, that the depth scan is made perpendicular to the
lines of uniform stesses. The depth-scan was accomplished by the motorized
movement of micro-translation stage. Slit of the spectrometer enables to create
the needed confocality. Voigt function was fitted to measured Rayleigh peak to
determine the intensity value of scattered light.
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Figure 3.2 Experimental spectra of Rayleigh scattered light from confocal point
depending on the rotation angle wave-plate. Rayleigh peak is 0.3nm wide.

It is important to point out here that automatic version of this measurement
method should be developed. Other route is to utilize light sheet [39]

experimental setups that are already automated for other measurement purposes.
Also, oblique incidence version with confocal detection of Rayleigh scattering
should be investigated.

3.1.2 Comparison of stress profile and Na* ion profile

Figure 3.3 depicts phase difference A in chemically strengthened LAS glass.

The inset in Figure 3.3 shows two Rayleigh intensity distributions fitted with
sinusoids. Using Eq. 1.1 stress profile (Figure 3.4) can be reconstructed from
phase difference profile. Near-surface measurements were restricted, although
extrapolation gave compressive surface stress of -623 MPa.
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Figure 3.3 Phase difference between two confocally detected points with distance shift
of 100 pm.
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Figure 3.4 The stress profile calculated from phase shift profile from Figure 3.3. The
breaking point indicates the crossover between two linear fits for different depth
regions.
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Figure 3.5 Na" concentration profile in LAS glass, measured using EDX microanalysis
method.

By moving from surface into deeper Na’ ion concentration initially increases
indicating K'«<»Na" exchange. At the same time Na'«»Li" exchange also took
place, so that Na” concentration maximum was established at depth of ~30 pm.
Figure 3.5 shows depth-region where only Na'«>Li" occurs. K'«»Na" process
creates higher stresses than Na < Li".

3.1.3 The dependence of the stress-optic coefficient on
the glass composition

The stress-optic coefficient C is influenced by the glass composition, thus
making the concentration-stress relation nonlinear. Nissle & Babcock [40]
reported that in Na,O-Al,05-SiO,-system Na,O causes stress-optic coefficient
to decrease whereas Al,Oj; to increase. For our samples the Al,O; concentration
stayed constant whereas K,O, Na,O and Li,O concentration depth profiles
varied. Matusita et al. [41] confirmed that Na,O causes C to decrease and also
showed that K,O causes C to decrease. Smedskjaer et al. [42] concluded that
alkaline earths ions in aluminosilicate glass have larger impact on C than AL,Os.
Smedskjaer et al. suggested a simple linear regression model to predict the
influence of the alkaline earth ions [42].

Available data for LAS glass substrate is C=3.3 Br for LAS and Na' ion
concentration profile. While increasing Na,O content simultaneously Li,O
content decreases. During the chemical strengthening process Na'«»Li" equal
molar amounts of the ions (or respective oxides) are being exchanged. An
important factor is determining which oxide content is most affected by C. The
Na' ion content profile also indicates the decrease in Li,O concentration. C
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would remain constant if the influence of the composition of Li,O coincides
exactly with NayO. According to Matusita ef al. that’s not the case — C is
affected by composition as shown in Figure 3.6.
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Figure 3.6 Stress-optic coefficient as a function of the composition of aluminosilicate
glass Li,0-Al03-70mol%Si0, according to Matusita et al. [41] The compositional
influence of system Na,0-Al,0;-70mol%SiO, is obtained by combining our own data
with the data points of Matusita et al. The total dependence is not linear, so we only use
of a section that describes C compositional dependency at a lower Na,O content. The
amount of SiO, stays constant. (Adapted from Matusita et al [41]).

According to simple linear model:

Copreaictea(x) = Co +x - ACygo0 — x - ACLizo, (3.1)

where C, is the intercept, ACy,0 and ACy;;o are slopes of linear fit from
Figure 3.6 and x is the molar change of composition. From Figure 3.7
Cyp=3.312 Br, ACpu20=-0.058 Br/mol%, AC};20=-0.019 Br/mol%.
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Figure 3.7 Stress-optic coefficient as a function of the distance from the surface. Red
line shows two separate fits - a polynomial and a linear.

Figure 3.8 illustrates clear compositional influence. After stress profile is re-
calculated using the new values of stress-optic coefficients (from Figure 3.7)
then (see Figure 3.8) compositional influence causes the stress increase. At
45 um depth the compression (that takes compositional influence into account)
is 4% higher than the compression value which does not include compositional
influence.
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Figure 3.8 Comparison of stress profile calculated on the basis of a constant C and C(z)
(red line from Figure 3.7) which takes into account the influence of the composition.

A new micron-scale confocal scattered light method for stress profile measure-
ment in chemically strengthened glass plates was introduced. Compared to
alternative stress measurement methods the proposed method has a very high
spatial resolution.
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4 GRADIENT SCATTERED LIGHT METHOD
(PAPERS V AND VI)

4.1 Principle of gradient tomography

The main approach of gradient scattered light method involves ray tracing in the
theory of oblique incidence method to remove the influence of light ray bending
from stress profiles. The straight ray inversion (SRI) is considered to be the first
approximation of the residual stress depth profile. SRI assumes unrealistic
scenario that light rays propagate along strictly straight lines. SRI can be used
with good precision in case of low stresses (which in turn means low refractive
indices). It is used in conjunction with the gradient scattered light theory to
determine the first estimate of light ray paths, and a curved ray inversion (CRI)
can be performed to obtain (what is hoped to be) an improved approximation to
the stress field. CRI simulates realistic situation where light rays actually bend
in glass with refractive index gradient. In our case CRI is applied to already
measured stress profile hence making it a post-processing algorithm. This
approximation is then in turn used to recalculate the ray paths that form the
basis for the next iteration until a suitable termination criterion is met. This
recursive process which is very similar to Dolovich’s scheme (Figure 1.5) is the
basis of the gradient scattered light method.

4.2 Experimental evidence of the influence of light ray
bending on scattered light fringe patterns (Paper lll)

In Paper 111 setup depicted in Figure 4.1 was used to record Rayleigh scattered
light fringe patterns in thermally tempered glass. Such method could be used to
measure the precise value of central tensile stresses of thermally tempered glass
plate, but not the surface stress values. Reason for that is distorted fringe pattern
due to strong light ray bending away from very central region. Note that by
moving away from central depth layer (at zero coordinate) towards surface, first
fringe pattern gets distorted and then vanishes completely.

The simplified calculation of simulated fringe pattern was done by assuming
that light rays propagate along straight path. In realistic situation this is not the
case, hence differences between experimental and simulated fringe patterns
clearly point out the evidence of light ray bending. Clear indication, that some
kind of algorithm should be applied to calculate precise stress profile from
experimental fringe pattern shown in Figure 4.2(a).
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Figure 4.1 Experimental setup. Scattered light is observed perpendicular to propagation
direction of laser beam. Observation direction is ¢ = 45° to plate.
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Figure 4.2 (a) Experimental fringe pattern; (b) simulated fringe pattern using simplified
approach which ignored the light ray bending.
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4.3 Oblique incidence scattered light method (Paper V)

In Paper V, the gradient scattered light method was developed specifically for
the measurement of micron-scale stress profiles in chemically strengthened
glass. Scattered light polariscope SCALP-04 (GlasStress Ltd., Estonia) had
light beam incidence angle of 45° and was intended for stress measurement in
thermally tempered thick glass. To increase resolution new development
(SCALP-05) changed the SCALP’s angle of incidence of the light beam from
45° to 81.9°. Additionally an iterative approach was developed to remove the
influence of light ray bending, which is the direct result of using such a high
incidence angle.

coupling prism
compensator \

{9‘9@ )
BN

e-ray immersion liquid

Figure 4.3 The experimental setup for measuring the stress profile. A laser beam is
guided obliquely through the strengthened glass plate via a coupling prism. An ultrathin
layer of immersion liquid is used between the prism and the glass surface to allow the
light to propagate unimpeded. From the observation directions of OD; and OD,, which
are at an angle of 45° to the surface of a glass plate to get maximum visibility, the
scattered light intensity distribution along the light path could be recorded.

The method is based on Rayleigh scattering, which is excited by an obliquely
incident polarized beam through a flat, chemically strengthened (or thermally
tempered) glass plate (Figure 4.3). Refractive index fluctuations on length
scales, that are small in comparison to the light wavelength, act as dipoles that
scatter the light predominantly in the direction perpendicular to the dipole axis.
For the theoretical formulation of the method, we assume that the global x-axis
is in the plane of incidence and parallel to the top surface of the glass whereas
the global y-axis is perpendicular to the top surface of the glass and points into
the glass. The global z-axis is chosen to form a left-handed triad with x and y

30



axes. A local rectangular coordinate system x -y -z’ is associated with the light
beam so that x’ is tangent to the ray, y’ is on the plane of incidence and z’ is
perpendicular to the plane of incidence. The clockwise angle between the x* and
y axes is 6.

Secondary principal stresses (effective principal stresses) are defined as the
stress components which are perpendicular to the propagation direction of the
light ray. Those stresses induce Rayleigh scattering fringe pattern that can be
observed from both the direction of OD; or OD,. Principal stress ay is fixed in
the direction of the optic axis and is independent of the propagation direction of
the light beam. When the light beam propagates through the glass perpendicular
to the z-axis, birefringence is caused by secondary principal stresses o, and g,
(see Figure 4.3). The stress field defined in the global coordinate set can be
expressed in the local system via the stress transformation equations:

0, = 0xsin® 0 + g, cos? 6, (4.1a)
0, = 0xcos® 0 + a,sin* 4, (4.1b)
o, =0,=0(y), (4.1¢)

Within of the glass all tensile and compressive stresses lie parallel to the glass
surface and depend only on the depth y: 0, = g, = a(y). Away from the edges
(to avoid the edge stress influence) and in the case of uniform strengthening
g, = 0, because glass can swell freely in the direction of the y-axis.

Therefore we can rewrite stresses parallel to surface:

o, =0a(y)sin®0, (4.2a)

0, = a(y)cos? @, (4.2b)
o

., =0, =0(y). (4.2¢)

oy, 0y and o, (secondary principal stresses) determine the refractive indices
for light propagating in the x -direction by Maxwell’s stress-optic relations:

n, —ny = €0, + Cz(azf + ax'), (4.3a)

n, —n, =Co, +C(o,+0,),  (43b)

where n, is the refractive index for the e-ray, n, is the refractive index for the

o-ray and n,, is the refractive index of unstressed glass. Rather than being just a
constant, the refractive index n, may have a depth dependence induced by
composition.

The difference ob absolute stress-optic coefficients C; and C, is the stress-
optic coefficient:
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n,-and n,for a known stress profile o(y) are gained by combining Eq. (4.2)
and Eq. (4.3):

n, =ne =ny, + a(y)[C; cos? 6 + C;(1 + sin® 9)], (4.5a)

n, =n, =n, +0oy)[C; + C,]. (4.5b)
Wertheim law in integral form combined with Eq. (4.5b) gives the optical
retardation along a straight line segment and can be written as

x’ x,
§(x) = Cf (0, —0,)dx’ = Cf (0, — oxcos? 8)dx'. (4.6)
0 0

The incident laser beam induces not only Rayleigh scattering, but also a yellow
fluorescence. Consider an incident light beam that is linearly polarized parallel
to the observation direction OD;. The scattered light intensity, consisting of
Rayleigh scattering and fluorescence, which can be observed from the direc-
tions OD; and OD,, can be written as follows:

. A 5(x’
Iop1(x) = e7® I /1_45“12 (;)

. A §(x'
Iopa(x) = e 10/1—4cos2 (;)

+1, e, (4.7a)

+1, - e, (4.7h)

where [ is the incident light intensity, I, is the intensity of the fluorescence, 4
is the proportionality factor describing the probability of Rayleigh scattering
and signal collection efficiency, 4 is laser wavelength and £ is extinction coeffi-
cient. Fourney & Chang [43] reported that the component [, is considerably
larger than the Rayleigh scattered light. To increase the visibility of fringe
pattern the component of fluorescence must be removed with an optical filter.
The fluorescence is spectrally broad and red-shifted compared to the incident
wavelength. For example, if the exciting light is blue, the fluorescence is
usually yellow.

4.4 Measurement of optical retardation distribution

To resolve stresses near the surface, optical retardation was measured using
SCALP-05. An ultra-narrow (diameter ~50 pm) laser beam with a wavelength
of 635 nm was passed through the glass surface at an incidence angle of 81.9°
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(Figure 4.3). A glass prism was used to couple light into the surface layer of the
glass. The optical retardation distribution was calculated from the fringe pattern
of Rayleigh-scattered light using optical phase modulation method. The
polarization state of the laser beam was periodically modulated using a liquid
crystal compensator. This means, in turn, that the scattered light intensity along
the laser beam (as recorded by the camera) should also be modulated in
correlation to the compensator. But only the Rayleigh scattered light intensity
follows such kind of modulation, while any parasitic light does not. Therefore
the synchronization of those modulations can act as a quality indicator showing
the percent of camera pixels along the image of the beam path where the optical
modulation during the measurement was good enough to be accepted for stress
calculation. The measured retardation distribution was always too rough for
direct stress calculation and hence must be smoothed by fitting with
polynomials (see Figure 5 in Paper V). Near the points where the laser beam
enters the glass panel and where it hits the other surface of the panel, a parasitic
light scattering occurs and speckle pattern may be visible.

Prior to measuring, a window cleaning liquid was sprayed on the sample and
the surface was wiped clean with an optical cloth. An ultra-thin layer of Cargille
immersion oil was used between the prism and the glass surface to allow
unimpeded propagation of light. Measurement of the stress profile was
conducted away from edges at the central area of the glass plate surface to avoid
the influence of edge stresses. Three repeated measurements were performed
and the mean value was calculated.

4.5 Optical retardation along curved ray path

Optical retardation along curved ray path &.(y) corresponds to experimental
optical retardation §e,p, (). Realistic situation is simulated if light ray bending
is calculated from known stress profile a(y).

A glass plate can be considered consisting of thin planar layers (Figure 4.4),
with the light beam propagating along straight line within each layer. Therefore,
the optical retardation distribution through each layer can be written as:

Csin? 0, (¥
=20 4,
8o) =g [ oy (48a)
Csin?0, (Y
5,(y) = —=2 dy (4.8b
0= "5t [y ash)
Csin?0; (Y
5;(y) = —— f Ddy (4.8
i) 056, 00(y+yl) y (48¢)

Integral is starting from zero for each layer, so Eq. (4.8) does not provide a
smooth distribution of optical retardation. Optical retardation &§;(y), which

33



takes into account the accumulating optical retardation in all previous layers, is
written as

5\ =6 —-y)+6_,v), (49

where 6;_; (y;) is calculated in a similar manner based on layer i — 2, etc.
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Figure 4.4 Light ray passing through a flat glass plate divided into thin layers.
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4.6 An iterative approach to remove the influence of light
ray bending from scattered light tomography
(Papers V and VI)

In Papers V and VI we describe an iterative scheme to remove the influence of
light ray bending from measured stress profile. In case of extremely deep DOL
values (200-1000 um) it was necessary to introduce new version this of iterative

scheme that is more adapted for experimental data analysis.
Curved ray inversion for stress profile calculation can be written as follows:
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cos 0,
mdy 5., Yo<y<m

cos 6,
ocri(Y) =1 Csin? g_dy 6 Mm<y<y2 (411)

cos 0;
mdy 5.,  Yi<y<Yin

In the Rayleigh-scattered light tomography, optical retardation data can be
interpreted assuming that the probing light rays are straight lines within the
strengthened glass under study. SRI is extremely useful if the refractive bending
of light rays is small but can result in significant reconstruction errors in case of
large incidence angles (such as the 81.9° incidence angle in SCALP-05). SRI
yields accurate results for low incidence angles, such as 45° (used in SCALP-
04). Therefore the case-depth along with the mid-plane stresses of glass plate
were very accurately determined by using SCALP-04 where the laser beam
passes through the glass plate at 45° angle.

SCALP-05 retardation SCALP-04 retardation
oc:81.9°l loc=45°

Straight Ray Inversion

Correction of depth coordinates using SCALP-04 stress profile

Initial estimation of SCALP-05 stress profile

Theory of gradient
scattered light method

Ray Approximation

Curved Ray Inversion

Stress profile, Approximation

not [Termination Criterion of| satisfied
satisfied| Stress Equilibrium

stop

Figure 4.5 An iterative scheme of CRID: curved-ray inversion is combined with depth
coordinate correction for more accurate stress profile calculation from the optical
retardation data.SCALP-04 measurement is needed for depth coordinate correction for
glass plates that have: (1) thickness >1.3 mm (because laser beam exit point is not
observable); (2)DOL > 350 um.
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The sequence of iterative steps (Figure4.5) was used to correct depth
coordinates and to remove the influence of light ray bending in scattered light
tomography:

(1) Straight ray inversion (45°).First, the optical retardation
804 (x")is measured by using SCALP-04 and the stress is obtained
as:

, 1 d
o) = ComEa

Soa(x)

(2) Straight ray inversion (81.9°).The optical retardation §y5(x")
is measured by using SCALP-05and from that an initial estimate of
the stress profile is calculated by same equation as in previous step.
(3) Correction of depth coordinates. Correct DOL which is not
affected by ray bending is obtained from the SCALP-04 stress
profile. Hence this DOL is used to correct depth coordinates of the
SCALP-05 stress profiles.

(4) Ray approximation. The curved trajectories of the e-ray and
the o-ray are calculated by using the previously obtained ggg;(y) in
the ray equation.

(5) First iteration of CRI+DOL-correction (CRID).The stress
profile is recalculated from §y5(x") using an algorithm where the
curved trajectory of the rays is taken into account.

(6) Calculating stress equilibrium is used to test the validity of the
stress profiles.

Notice here the similarities between our and Dolovich’s scheme (Figure 1.5).
Dolovich used this scheme for transmitted light photoelasticity. The strain-
gradient theory is much more complicated compared to our theory of gradient
scattered light method because many rays are needed to probe the glass sample
under study.

4.7 Testing the iterative algorithm to remove refraction-
induced errors in case of compressive or tensile surface

stresses (Paper Vi)
In Paper V we did testing of iterative scheme only in case of profiles with com-
pressive surface stresses. It was shown that if light ray propagates along curved

ray path (see Figure 4.6) then experimentally measured optical retardation is
blue dashed line in Figure 4.7(a).
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Figure 4.6 Curved ray paths of light propagating through stress field of chemically
strengthened glass plate. Note, that the y-axis is magnified by a factor of approximately
16 compared to the x-axis.

Figure 4.7(b) illustrates how iterative scheme removed the influence of light ray
bending with only few iterative steps (see inset of Figure 4.7(b)) Notice, from
Figure 4.7(b) that SRI first gives a stress estimate, that is erroneous compared to
reference stress profile. Although if curved light ray paths are calculated from
refractive index profiles which in turn calculated form ogg,(y) then the next
iterates are rapidly closer to known stress profile.
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Figure 4.7 (a) Initially known stress profile a(y) (green line), optical retardation along
curved ray &.(y) (dashed blue line), optical retardation along rectilinear ray path &;(y)
(blue line). (b) Initially known stress profile o(y)(dashed green line), straight ray
inversion agg;(y) (black line), first iteration (blue line). The inset shows surface stress
value as a function of CRI iteration number.
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In Paper VI we took under investigation profiles with simulated tensile surface
stresses. In fact, it is possible that stress profile exhibits an unusual behavior
where the outermost layers of the surface are in tension, rather than compres-
sion. Tensile stresses can be induced into glass surface by chemical ion-ex-
change process in which small ions from external source are exchanged for larger
ions in the glass surface (the inverse of the normal chemical strengthening
method). Note that such inverse process makes glass actually weaker. This kind
of ion-exchange was first reported by Stewart & Young [44], and later by
Ernsberger [45] as a method for revealing the surface flaws of glass.

Figure 4.8 compares the reconstructed stress dependence of iteration
number. For compressive stress the maximum reconstruction error was reduced
from 15% (using SRI, 0™ iteration) to 2% (using 1*" iteration of CRI). For tensile
stress the maximum error was reduced from 26% (SRI) to 9% (using 1* itera-
tion of CRI). Figure 4.9 show that compressive surface stresses converge
k./k; = 1.7 times faster than tensile surface stresses.
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Figure 4.8 Absolute value of surface stresses as a function of iteration number.

Figure 4.8 also illustrates that compressive and tensile surface stresses converge
differently: compressive stresses converge monotonically whereas tensile
stresses oscillate about the real value. Such different behaviour can be explained
as follows. In case of tensile stresses, SRI (0™ iteration) results a surface tension
value of 1075 MPa. This value is used to calculate the first estimation of surface
refractive index. The increase of tensile stress causes the decrease of refractive
index (Figure 4.10(a)), hence near-surface light ray propagation angles 6; are
corrected towards higher values (8;> ). 1% iteration of CRI leads to surface
stress that is calculated using higher 8; values. CRI gives a new tensile stress
value of 775 MPa. This in turn results in higher refractive indices and lower
values of light propagation angles. 2™ iteration yields a surface tension of
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870 MPa, which once again leads towards higher values of 8; than in previous
iteration. So the reconstructed tensile stresses oscillate about the real value.
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Figure 4.9. Stress-induced errors of tensile and compressive stresses as a function of the
iteration number. The absolute values of error due to light ray bending nearly
exponentially approach 0 with increasing iteration number. Hence the dependence was

fitted with | Ao | = Ae~** where k indicates the speed of convergence.

In contrast, an increasing surface compression (by absolute value) causes the
increase of refractive index (Figure 4.10(b)). Those stresses converge mono-
tonically because iterative approach corrects the refraction angle only towards
lower values.
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Figure 4.10 (a) The depth profiles of tensile stress and corresponding refractive index;
(b) The depth profiles of compressive stress and corresponding refractive index. Note
that actually refractive index profiles are different for the e-ray and o-ray, but they are
too close spatially to be separated from this graph.
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5 BUILD-UP OF STRESS OF CHEMICALLY STRENG-
THENED LITHIUM ALUMINOSILICATE GLASS (PAPERV)

This section is extension of Paper V. Here we tested SRID and CRID algo-
rithms on experimental data. Papers V and VI illustrated that CRI worked well
in simulations. Here we wanted to find out whether it also reduces the influence
of light ray bending.

5.1 Samples and characterization methods

LAS glass plates with dimensions 40x20x3 mm’ were chemically strengthened
in a molten salt mixture consisting of 80 mol% KNO; and 20 mol% NaNOs.To
study the temperature dependence of the stress profile, the glass plate was
strengthened for 24 hours at 440, 460, 480 or 500°C. To investigate the stress
build-up, the substrate glass plate was immersed into the mixed molten salt at a
temperature of 480°C either for 1, 4, 8, 16 or 24 hours. The purities of both
KNO; (Otsuka Chemical Co., Ltd.) and NaNO; (Kanto Chemical Co., Ltd.)
were >99%.The stress-optic coefficient was C = 3.3 Brewster (10°MPa).The
detailed description of determination of C is given in Paper V. The glass
composition in Table 1 was determined experimentally using EDX micro-
analysis.

TABLE 1 Composition of the LAS glass sample derived from EDX microanalysis.

SlOz A1203 L12O MgO NaZO Kzo T102 ZI‘OZ
Mol% 69.9 13 9.8 12 04 0.2 1.8 3.7
Wt  64.5 20.5 4.5 0.7 0.349 0.3 2.2 7

By lapping away glass from one edge of the sample we could prepare a surface
that exposed the changing Na' ion concentration distribution and a depth scan
could be carried out. Na™ concentration profile was determined with energy-
dispersive X-ray (EDX) microanalysis by using Helios NanoLab 600 electron-
ion dual beam microscope equipped with 50 mm® X-Max SDD-detector
(Oxford Instruments).To avoid charging effects, the sample was coated with a
thin Pt film. The elemental depth profiles were determined point-by-point
across the sample’s cross-sectional area near the sample surface with a step size
of 5 um. The measurement of Li" ion concentration is methodically impossible
using EDX microanalysis.

Surface refractive index of some samples was measured by using the
ellipsometer GES-5.
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5.2 Shift of case-depth

First, it is important to establish whether the diffusion depth is generally deeper
than DOL or vice versa. According to Garfinkel & King [46] (Na'<>Li" ion-
exchange), the normalized stresses calculated directly from Na’ ion con-
centration give ~20 % deeper stress profile compared to the measured one. Also
in the case of K"<>Na" ion exchange, the diffusion depth of K" was reported to
be also ~20 % deeper than DOL [47]. Figure 5.1 indicates that our results fulfill
the criteria of Na' diffusion depth being deeper than the layer of compressive
stresses.
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Figure 5.1 Dependence of experimental Na diffusion depth and the DOL on the square
root of the diffusion time. The dashed green line represents the calculated diffusion
depth of Na* ions by 2,/D,zt, where the diffusion coefficient D;; = 1.8 - 10-8cm?/s
was calculated directly from experimental diffusion profile of sample that was
strengthened for 1h. All samples were ion-exchanged in molten salt bath at 480°C.

Figure 5.1 shows a comparison between DOL from our measurement (SCALP-
04 and SCALP-05), Varshneya’s [33] DOL values and Na® diffusion depths.
Varshneya’s DOL values for samples strengthened for 4 h and 8 h were deeper
than the SCALP-04 DOL values. Figure 5.1 also shows that Varshneya’s DOL
values are deeper than diffusion depth. Yet, Jannotti’s DOL of 24 h strengthened
samples is smaller and Varshneya’s DOL is approximately equal to diffusion
depth. Possible reasons for those differences might be diffusion “blocking”.
Sglavo [48] showed that the “blocking” effect can also be caused due to
contaminated salt bath by the presence of Ca and Mg in the KNO; bath (also in
amounts of few tens of ppm).
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Figure 5.2 Dependence of the DOL and Na® diffusion depth on the exchange bath
temperature. All samples were ion-exchanged for 24h.

Figure 5.2 shows that DOL values measured with SCALP-04 were in deeper
than the ones measured with SCALP-05. This phenomenon is a clear sign that
DOL shift occurs due to a combination of incidence angle difference in polari-
scope and higher increasing refractive indices due to higher exchange
temperature. Higher incidence angle leads to a more rapid increase of ADOL,
because the bending effect is strongest when the light propagates perpendi-
cularly to the refractive index gradient vector.

Figure 5.3 explains the origin of refraction-induced DOL shift (ADOL),
which is defined as difference between assumed and actual DOL values. The
light ray, incident on the glass plate at 81.9°, is assumed to propagate along a
straight path. Due to light ray bending both the e-ray and o-ray actually
propagate along curved path and the actual DOL value is deeper than the
assumed DOL value. The same explanation can be attributed to DOL shift
observable from Figure 5.1, where the stresses measured at 45° angle show
higher DOL values. Figure 5.3 also demonstrates that the exit point of the light
beam cannot be used as an indicator of the magnitude of light ray bending. The
e-ray and o-ray beams can coincidentally exit the plate at the same point as the
assumed straight ray path. Another problem is that the initially narrow laser
beam (with a diameter of 50 pm) is widening strongly along the path. An
indicator of such widening is a larger stray light dot at the exiting point of the
glass plate.
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Figure 5.3 Curved paths of ordinary and extraordinary ray propagating through the
stress field of a LAS glass plate chemically strengthened at S00°C for 24 h. The true ray
paths of the e-ray and o-ray are compared to apparent straight ray path. The
corresponding residual stress profile is shown on the right panel. Note that the scale of
the lateral position is magnified by a factor of approximately 9 compared to the depth.

The main reason for DOL shift is a strong influence of glass composition on the
light ray paths. Hence, to further investigate DOL shift we compare experi-
mental and calculated ADOL values. ADOL were calculated as follows: Surface
refractive index of the glass plate strengthened for 24 h at 500°C was measured
with ellipsometer. Ellipsometric measurement gives the sum of unstrengthened
substrate refractive-index ng,;, and surface refractive-index change:

Neltipso = MNsup T An. (5.1)

An consists of stress-induced component Ang;,.ss and compositional component

Ancomposition:
An = Anstress + Ancomposition- (5-2)

Refractive index depth profile of the e-ray and o-ray can be written as:

ne(y) = ny, + c(y)[C; cos? 8 + C,(1 + sin? 8)], (5.3a)
no,(y) = ny + oG + C3], (5.3b)

where n,, is unstressed (compositional) refractive index, o(y) is stress profile
(measured with SCALP), parameters C; and C, are the absolute stress-optic
coefficients of the material for the considered wavelength and 6 is the
propagation angle in glass. Notice that Eq. 5.3a and Eq. 5.3b incorporate both
compositional component n,, and stress induced components o(y)[C; cos? 8 +
C,(1 +sin? )] and o(y)[C; + C,] for the e-ray and o-ray, respectively. The
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difference of Ciand C,gives the stress-optic coefficient: C = C; — C,. The
change of stress-induced refractive-index at the surface can be written as

no.surf + ne.surf
Mgpress = 2 — Angyp, (5.4)

where N, g and N, g,p are respectively surface refractive indices of the
ordinary ray and extraordinary ray.

The final step is to convert the measured stress profile 6(y) and 4An to a
compositionally induced refractive-index profile n,(y). The exchanged ions
locally affect the refractive-index by three physical mechanisms: ionic size,
ionic polarizability and photoelastic effect due to induced stress. While the latter
mechanism has been found to dominate the index exchange for K'«»Na" ion-
exchanged glass [49], it is small in comparison to the other two effects in
Ag'Na’ exchanged glass [50]. In practice, one does not need to know the
ionic polarizability. Instead, an empirical value of maximum index change 4n is
correlated to the normalized stress profile. Hence the unstressed refractive-index
profile is obtained as:

o
ny(2) = g + 4022 (55)
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Figure 5.4 Dependence of the DOL shift on the incidence angle a. The samples were
ion-exchanged for 24h at 500°C.Experimental DOL values were obtained by changing
the incidence angle of the light beam in SCALP-05 polariscope to various values 73.5°,
79.4°r 81.9°. SCALP-04 was used for 45° angle measurement. The calculated ADOL
values were obtained by combining ellipsometry and stress data for ray tracing (see
Figure 5.3).
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Figure 5.4 shows a comparison between the experimental and calculated ADOL
values. In the case of higher incidence angle, ADOL increases more rapidly,
because the bending effect is strongest when light propagates perpendicularly to
the refractive index gradient vector. In contrast, if the light ray propagates at 45°
incidence angle, both experimental and calculated ADOL value is significantly
smaller compared to a=81.9°. In practical situations, it is much more convenient
to measure experimental DOL shift value (by using case-depth data measured
with 45°-angle polariscope SCALP-04), than to use ellipsometric data in
combination with ray tracing to gain calculated DOL shift values from the
deflections of light rays.

5.3 Equilibrium of stresses

Compressive and tensile stresses are balanced through the thickness of a
h o .
tempered glass plate (| o, 0dz = 0). Due to a combination of experimental errors

and errors introduced by reconstruction algorithms, perfect stress equilibrium
does not occur. Papers V and VI showed that in the case of numerical
simulations we were able to determine the percentage of errors due to the
influence of light ray bending. Once we are dealing with experimental stress
profiles, such an option is no longer available, because the exact stress profile is
unknown. Equilibrium of the stresses is hence the only indicator to test whether
the measured stress results can be trusted. Equilibrium error is defined as the
difference between compressive and tensile stress areas under the stress profile.

In the previous section we showed that the shift of DOL is dependent on
specific incidence angle used in polariscope. Therefore we analyze different
options to incorporate this new data into the reconstruction scheme. Table 2
compares stress equilibrium of SRI and the two new versions of reconstruction
algorithms that both incorporate DOL correction as an additional post pro-
cessing method. Simplest of the two is SRI in combination with DOL
correction (those two forms a new algorithm called SRID): the stress is
calculated from the optical retardation using SRI and then the depth coordinate
is corrected by taking DOL value from the SCALP-04 measurement. An
iterative scheme in Figure 4.5 describes the second new algorithm, CRI
combined with DOL correction (CRID): in this algorithm the depth coordinates
are first corrected the same way and then CRI algorithm is applied.
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TABLE 2 Summary of stress equilibrium results for different reconstruction
algorithms. [ o*dz is the area under the tensile zone.
Sample Time Tempe- SRI SRID CRID
(h) rature [} odz J3odz [} odz
(°C) (f a+dz) (m) (f a+dz)
A 1 480 -2.3% 0.8% -
B 4 480 13.5% 11.5% 3.4%
C 8 480 12.7% 4.8% 0.1%
D 16 480 12.8% 6.9% 2.4%
E 24 480 16% 8.2% 3.4%
F 24 440 20.6% 12.6% 8.7%
G 24 460 17% 8.7% 3.8%
H 24 500 21% 2.7% -1.8%

Table 2 indicates that by applying the DOL correction, in average two times
better stress equilibrium is achieved. The DOL correction in combination with
CRI generally also yields a better stress equilibrium (about five times better,
compared to SRI). In accordance with the data presented in Table 2, we have
established that the termination criterion (Figure 4.5) of the iterative scheme
should be the lowest percentage of equilibrium error. SRI and CRI should both
be considered for best option.

5.4 Stress build-up

Figure 5.5 shows a comparison between our results and the stress profile of
similarly strengthened LAS glass by Jannotti et al. [34]. Note that sample
preparation and substrate glass composition were very similar, except our
sample was strengthened at 5°C higher temperature. Compared to Jannotti’s
stress profile, our stress profile has lower surface compression, deeper breaking
point and shallower DOL value. Note from Figure 5.5 that Jannotti’s stress
profile has a shallower depth of the breaking point and simultaneously a deeper
DOL. These changes are mutually correlated, granting the desired stress
equilibrium. This indicates that if either the near-surface stresses or the DOL
value is erroneously measured, the equilibrium of stresses is no more a good
indicator. Figure 5.5 also illustrates that the Na' concentration profile peak (at
depth of 100 um) is deeper than the breaking point.

Figure 5.6 shows that just after the breaking point the stresses remain almost
unchanged for samples strengthened for 4h and 8h (change is only 2 MPa) in
the depth-region ranging from 82 um to 108 um. The sample that was
strengthened for 1 h did not exhibit such behavior. Varshneya and Jannotti were
unable to resolve the precise shape of the stress profile near the breaking point.
However, such phenomenon was also observed by Inaba ef al. [51] while using
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a transmitted light photoelastic stress measurement (based on conventional
optical microscope with retardation imaging system).
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Figure 5.5 The stress profile and Na' ion concentration profile in chemically
strengthened LAS glass (ion-exchanged for 24 h at 480°C). Jannotti’s glass (Ion-
Armor™) [34] is strengthened for 24 h in salt bath mixture consisting of 80 mol%
KNO; and 20 mol% NaNOs; at temperature 475°C. DOL values for our measurement
and Jannotti’s are respectively 554 um and 775 pm. Jannotti measured surface stress of
1091 MPa, while our result was 877 MPa.
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Figure 5.6 Comparative plot of the residual stress profiles in unbroken plates of LAS
glass as a function of ion-exchange treatment time. All samples were ion-exchanged at
480°C. CS represents a value of the compressive surface stress.
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Figure 5.7 shows constant stresses in the depth-region after the knee-shaped
breaking point, where the stresses remain almost unchanged. Note, that this
depth-region of constant stresses is most dominant for the sample strengthened
for 24 h at 500°C. Figure 5.7 also shows similar tendency for samples
strengthened for 440°C, 460°C and 580°C although by a smaller extent. This
can be attributed to the relaxation of stresses, because the sample strengthened
for 1 h did not exhibit such behavior. Those constant stresses are equivalent to
breaking point itself shifting deeper, because the same stress value remains
constant in depth. In conclusion, in the sample strengthened for 24 h at 500°C,
the compressive stresses are effectively shifted 4 times deeper, due to the depth-
region of constant stresses after the breaking point.
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Figure 5.7 Comparative plot of the residual stress profiles in unbroken plates of LAS
glass as a function of ion-exchange salt bath temperature. All samples are ion-ex-
changed for 24h.

5.5 Surface stresses compared to modulus of rupture
(MOR)

The fundamental principle of ion-exchange strengthening is the replacement of
Na' ions with physically larger K ions from the molten salt surrounding glass.
The physical pressure thus altered at the surface adds a substantially higher
tensile stress requirement to the external forces required to grow cracks.
Similarly, the resistance to abrasions is also increased. Effectively, glass is
much stronger.
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Figure 5.8 (a) The dependence of the compressive surface stress and stress at the knee-
shaped breaking point centre on the tempering time duration. 480°C is more beneficial
because breaking point stress is the highest if one has to choose between 460°C and
480°C. (b) The dependence of the compressive surface stress and stress at the centre of
knee-shaped breaking point on the tempering time duration.

Figure 5.8 (a) indicates that maximum value for surface stress is produced if
exchange temperature is 460—480°C. Notice that stress value at breaking point
centre is maximum at 480°C, which means that overall strength of glass is
probably highest at 480°C. Figure 5.8 (b) illustrates some of the issues with
surface stress. As a function of ion-exchange treatment time, the average
surface stress of glass increases rapidly, peaks (at 4 h), and then actually
declines in the longer period. Typical MOR’s dependence on strengthening time
follows the same tendency [52]. Chemical strengthening often exhibits such
stress-relaxation effects, whereby the greatest compressive stress value of a
surface later decreases. Although, notice that surface stress value for 24 h
strengthened sample has once more risen close to the level of plateau.

Samples from brittle materials can be examined through Weibull plots
derived from MOR’s of a representative population of samples and testing in a
manner analogous to the actual product use. The Weibull plot approximates the
cumulative distribution function of failure probability for a particular sample
under varying loads. Thus, it is possible to estimate the stress corresponding to a
given failure rate of interest. Figure 5.9 shows Weibull modulus plots of the
strengths of the LAS glass. The NaNOj; content has been varied form 0 mol% to
30 mol% (0 wt% to 26.5wt%) and compared with data obtained with
unstrengthened and unstrengthened-plus-abraded specimens. The plot suggests
superiority of 20mol% NaNOj salt mixture over others.
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Figure 5.9 Weibull modulus plots of MOR (ring-on-ring method [53]) for LAS glass as
a function of ion exchange at 475°C for 24h in varying ratios of NaNO;/KNO; mixed
salt baths (Adapted from Varshneya and Spinelli [33]).

Figure 5.10 shows a plot of the MOR versus NaNOj; concentration in the salt
mixture from O percent to 30 percent NaNOs, suggesting superior results in the
20:80 bath. One sample from this plot [33] is comparable to our measurement
results. It is the one strengthened for 24 h in 20:80 molar ratio of NaNO5;/KNO;
mixed salt bath at 475°C. Our sample is strengthened at same conditions, except
temperature was 480°C. For this sample MOR value is 1000 MPa and our
surface stress value was 877°MPa. This means that unstrengthened glass
strength is about 90°MPa which is in realistic value (for tempered glass plates
unstrengthened strength was reported to be ~60°MPa [Paper 1]).
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Figure 5.10 The Plot of MOR values (@ 50% breaking probability, from previous
graph) versus NaNOj; concentration in the NaNO;+KNOj; salt baths (calculated from
Figure 5.9). Data points are fitted with parabola (red line).
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5.6 Stress equilibrium as a function of known surface
stress and light incidence angle

The aim of this section is to investigate the influence of surface stress and
incidence angle to equilibrium errors - the latter being an important indicator of
the correctness of our measurements and calculations. In simulation we used

self-equilibrating stress depth profile: o(2) = Oy - d_mmTH [|(d —-2)" -

n‘j—:ll], where d is half-thickness of glass plate and m is polynomial order. This

polynomial was formulated by Brodland & Dolovich [54] to produce
symmetric, self-equilibrating stress distributions, like those that typically arise
in a uniformly strengthened (from both sides) glass plate. By increasing m the
shape of the simulated stress profile becomes more characteristic to chemically
strengthened glass. In this simulation d = 1.5 mm, m =5 and N5, = 1.515.
To calculate ray paths of the e-ray and o-ray the absolute stress-optic co-
efficients were taken to be C; = —7.77 - 1077 MPa™' and C, = —4.077 - 107°
MPa™' [54], which yields to stress-optic coefficient of C = 2.573 Br.

Let us point out that these simulations analyze only the stress component of
reconstruction errors due to light ray bending. In realistic situation of course,
ion-exchange process changes the composition of surface and hence also the
compositional refractive indices. Compositional influences affect the precise
determination of depth coordinate Therefore new reconstruction algorithm
CRID incorporates depth coordinate correction by taking DOL value from an
additional SCALP measurement with smaller incidence angle (such as 45°). It
would be very hard to construct a reliable purely theoretical model that can
predict compositional influences. CRID algorithm is used to reconstruct experi-
mental stresses, and CRI algorithm to calculate stresses from simulated optical
retardation. In both cases depth coordinate shift is either removed (for CRID) or
totally absent (for CRI). Hence stress results calculated by these two algorithms
are comparable. In similar logic SRID (for experimental data) and SRI (for
simulations) are comparable. Table 2 shows that average SRID equilibrium
error of experimental stress profiles is 7 %. For comparison Figure 5.11 shows
that the same value at for SRI simulations (at average experimental surface
stress value of 755 MPa and at incidence angle of 8§1.9°) is 11%.

45° incidence angle is sufficient to measure stress in thermally tempered
glass plate. However, to achieve a spatial resolution high enough to measure the
stress profile in chemically strengthened glass, a narrow laser beam is passed
through the surface layer of the glass at a considerably larger incidence angle of
81.9°. This way, the increased length of laser beam path becomes observable
and increase in resolution is achieved. Also in case of higher incidence angle, a
more rapid increase of refraction-induced equilibrium errors can be seen from
Figures 5.11 and 5.12(a), because the bending effect is strongest when light pro-
pagates perpendicularly to the refractive index gradient vector. The 81.9° is
close to incidence angle for which the e-ray and the o-ray are not yet spatially
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separated and the maximum length of light beam path is observed. This angle is
not fixed because it depends on, among other parameters such as absolute
stress-optic coefficients, mostly on the magnitude of stresses.

By further increasing the incidence angle, desirably increasing the
resolution, spatial separation of the e-ray and o-ray occurs, and the observable
scattered light fringe pattern disappears, so that the optical retardation can’t be
measured. The spatial separation of those beams is greater at grater depths,
which means that experimental measurement of optical retardation has a depth
limit (in case of 81.9° this depth limit is 1.3 mm).

Figure 5.11 shows a comparison of refraction induced equilibrium error of
SRI percentage dependence of surface stress for specific incidence angles of
SCALP. Error of equilibrium is very sensitive to changes in incidence angle:
changing the angle from 81.9° to 79.4° (3 % change) results in rapid 40 %
decrease of equilibrium error. Hence by increasing the incidence angle we gain
in resolution but lose in higher equilibrium errors.
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Figure 5.11 Correlation between known surface stress and equilibrium error. The actual
experimental incidence angles of SCALP were used in simulation. Equilibrium error is

defined as: 100% - (foh Osr1dz | [ 0dr;dz), where foh osgdz is difference in the areas of

compressive and tensile zones and [ gg,dz is the area of tensile stress zone.

Important question here is whether SRI or CRI algorithms produce stress
reconstruction errors, that are smaller than experimental errors. From Paper V the
precision of SCALP-05 is £3.7 % for stresses > 20 MPa. Figure 12(a) illustrates
that maximum value of SRI equilibrium error is 15 % and the corresponding
surface stress reconstruction error of SRI is18 %. If maximum value of CRI
equilibrium error (see Figure 5.12(b)) is 1.2 % then the corresponding surface
stress reconstruction error of CRI is 2.9 %. Therefore, SRI does not and CRI does
produce smaller reconstruction error than experimental errors.
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Figure 5.12 (a) SRI equilibrium error; (b) first iteration of CRI’s equilibrium error.

Figure 5.12 shows a comparison between equilibrium error percentages of SRI
and CRI as a function of both surface stress and incidence angle. It illustrates a
more general insight into the effectiveness of CRI in removing the refraction
induced equilibrium errors. Figure 5.12 (a) shows that incidence angle 82° and
surfaces stress 1050 MPa result in maximum equilibrium error of SRI. For this
particular simulation maximum SRI’s equilibrium error 15% (Figure 5.12 (a)) is
reduced to 1.2% (Figure 5.12 (b)) if CRI algorithm is applied. These graphs
would enable us to choose the optimum incidence angle for measurement of
sample with a particular surface stress. Although CRI is so effective that even for
extreme cases it reduces the equilibrium error to less than experimental error.
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6 STRESS IN THERMALLY TEMPERED GLASS PLATES

6.1 Correlation between surface stress and
bending strength (Paper I)

In accordance with the European Standard prEN 12150-2:2004 to determine if a
product meets to the definition of thermally tempered soda lime silicate safety
glass, the initial type testing shall include the following: a) mechanical strength
according to EN 12150-1 (also EN 1288-3:2000) or b) fragmentation test
according to EN 12150-1:2000. Subsection 5.2.2.4 “Measurement of surface
pre-stress” of the same standard sounds: “The manufacturer may also use
surface pre-stress measurement as a means of product control. If this is done,
then all test specimens shall be measured prior to testing. This will show the
relationship between surface pre-stress and mechanical strength fragmentation.”

Therefore, European standards require the use of the 4-point bending test
and/or the fragmentation test. Both tests are destructive, time-consuming and
expensive.
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Figure 6.1 Bending strength (breaking stress) vs glass surface compression measured
with SCALP-04: (a) all data points, (b) averaged for each kind of thermal treatment.
Two measurement points where failure didn’t occur under central rollers were excluded.

Our goal was to investigate correlation between surface compression measured
with SCALP and standardized 4-point bending test. In this test, SCALP-04 was
used with an angle of incidence of 45°. In a somewhat simplified form, the
relationship between the bending strength op; and surface stress ogr can be
expressed as follows:

o, =0, ko, (6.1)
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where g, is a value close to the strength of the annealed float glass o, and & is
an empirical coefficient (k = 1). Since o, is known, the measurement of surface
residual stress determines the flexural strength of the glass. Figure 6.1 shows
linear relationship between the residual stress and flexural strength of glass
panels, which confirms the results of other authors. It may be reasonable to
reconsider the existing quality standards for glass and to replace destructive 4-
point bending test and fragmentation test by SCALP non-destructive residual
stress measurement in glass panels. Many publications support of this proposal
[1-3].

6.2 Stress inhomogeneity (Paper Il)

In Paper II we investigated the stress inhomogeneity in thermally tempered
glass plates. For this purpose polariscope SCALP-04 was used. The aim was to
measure stress variation correlation to tempering cooling air jet positions.
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Figure 6.2 Interference pattern in Figure 6.3 Directional variation of surface
circular polariscope of thermally stress at points 1 and 2 of the glass plate
tempered glass plate. shown in Figure 6.2.

Figure 6.2 shows the fringe pattern in a transmitted light polariscope of the
middle part of a tempered glass plate. Figure 6.3 depicts the surface stress
ellipses for points 1 and 2, the distance between is 12mm. It can be seen that
although the distance between points 1 and 2 is very small, the surface stress
differs considerably.
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SUMMARY AND THE MAIN RESULTS

A new optical method for evaluation of the stress profile in chemically
strengthened glass based on confocal detection of scattered laser beam is
presented. Confocal microscopy allows scanning within the light beam and
collecting Rayleigh-scattered light from a microscopic volume. The obtained
spatial intensity profile of the Rayleigh scattering indirectly describes the stress
profile in the tempered glass with very high spatial resolution.

Second stress measurement method, intended for stress measurement in
chemically strengthened glass, was based on oblique incidence scattered light
method. For that method, an algorithm that removes the influence of light ray
bending from oblique incidence scattered light method was developed. We
present numerical experiments to test this iterative approach which can remove
the influence of light ray bending form scattered light tomography. We found
that the nature and rate of convergence of the iterative process for compressive
and tensile stresses were notably different.

Oblique incidence scattered light non-destructive method is used to investigate
the stress build-up in chemically strengthened lithium aluminosilicate glass. We
utilize oblique scattered light method to recover a more detailed stress profile
around the knee. The main motivation of the work was to characterize and
optimize the development of the knee-shaped breaking point in stress profile in
lithium aluminosilicate glass using one-step strengthening in a mixture of
KNO;+NaNO; molten salt bath. In the industry, it is still common using a two-
step process to build such a stress profile. Single-step strengthening will simplify
the process as well as save the cost.

A significant find was that the iterative algorithm that was first tested in
simulations also removed the influence from experimentally measured stress
profiles. The iterative scheme was tested for the same purpose on experimentally
measured stress profiles of chemically strengthened lithium aluminosilicate. It
was concluded that stress equilibrium error was reduced by using this iterative
algorithm to calculate stress form experimental optical retardation data.

We also examined tempered glass plates of various thermal treatments. A
linear correlation was found between surface compression measured with
oblique incidence scattered light method and breaking strength measured with
traditional four-point bending tests. Stress inhomogeneity was also investigated.
It has been shown that surface compression of thermally tempered glass panels
may vary both locally (at a distance equal to the distance between the cooling
jets) and globally, i.e., stresses near the edges and corners of the panels differ
significantly from the stresses in the middle part of the panels.
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SUMMARY IN ESTONIAN

Jaakpingete stigavusprofiili mé6tmine keemiliselt tugevdatud ja
termiliselt karastatud klaasplaatides kasutades hajunud
valguse meetodit

Arendati vélja konfokaalmikroskoopial ja hajunud valguse meetodil pShinev
optiline meetod jadkpingete siigavusprofiili modtmiseks keemiliselt karastatud
klaasis. Konfokaalmikroskoopia vdimaldab véga suure ruumilise lahutusega
tomograafiliselt sondeerida Rayleigh hajunud valguse intensiivsuse jaotust ja
sellest arvutada jadkpingete profiil karastatud klaasis.

Teine metoodika, mida kasutati pingeprofiilide modtmiseks keemiliselt ka-
rastatud klaasis pShines klaasplaadile hajunud valguse meetodil kus pealelangev
valgus oli kaldu uuritava klaasplaadiga. Selle metoodika jaoks arendati vilja
valguse paindumise moju eemaldav iteratiivne algoritm. Algoritmi testimisel
leiti, et selle konvergeerumiskiirus soltus sellest kas klaasi pinnal olid surve- voi
tombepinged.

Hajunud valguse meetodiga uuriti mittepurustavalt pingeprofiile liitium
aluminosilikaat klaasis. Uue metoodikaga suudeti mdota pingprofiili isedralikke
karakteristikuid, mida polnud varem kasutuses olnud meetoditega vdimalik
modta. Uuritavad klaasid olid valmistatud {iihekordse karastamisetapiga
KNO;+NaNOj; soolade segus.

Olulise tulemusena niidati, et simulatsioonides valguse paindumise moju
edukalt eemaldav algoritm toimis ka eksperimentaalsete pingeprofiilide peal.
Selle kinnituseks oli survepingete ja tombepingete vahelise tasakaalu oluline
paranemine optilise kéiguvahe jaotusest arvutatud pingeprofiilis. Vilja
arendatud algoritm on seega piisavalt testitud, et kasutada seda Eesti firma
GlasStress OU poolt toodetavas polariskoobis SCAPL-05.

Samuti néidati termiliselt karastatud klaasplaatide pinnasurvepingete (moo-
tes selle hajunud valguse meetodil) ja purustamispinge vahelist lineaarset korre-
latsiooni. Sama metoodikaga uuriti ka pingete ebaiihtlust termiliselt karastatud
klaasides. Néidati, et pinnapinged erinevad oluliselt soltuvalt uuritavast asu-
kohast.
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