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Abstract The birefringent properties of glass can
be well utilized for non-destructive testing of ther-
mally tempered glass. The surface compression stress
as well as the compression zone depth of thermally
tempered glass is commonly measured with a scattered
light polariscope. The measurement with scattered light
polariscope provides information about stresses acting
perpendicular to the measurement direction. Therefore,
the measurement depends on the direction. In order
to make a statement about the rough level of the pre-
stress, a measurement in one direction can be suffi-
cient, assuming an isotropic stress state and a relatively
homogeneous distribution of the surface compression
stress. However, in order to be able to make a more
detailed statement about a non-isotropic stress state,
measurements in up to four directions are necessary.
Information about the direction of principal stresses
and differences of principal stresses can then be evalu-
ated. In the present work, it is investigated which devi-
ations can be expected by measurements performed in
only one direction or by measurements using up to four
directions. For this purpose, five methods are intro-
duced, which deviate in the assumptions made for the
current stress state. The methods are compared using
measurements on thermally tempered glass in a four-
point bending test and on thermally tempered glass
specimens without any external load.
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1 Introduction

As glass is a birefringent material, when applied to
stress, photoelastic methods are a good tool to identify
the current stress state in glass products. In the con-
tainer glass industry, this is used to investigate residual
stresses in the container, as these residual stresses can
lead to unexpected failure of the container during use
(Erraprat 2010). In the flat glass industry, photoelastic
methods are used to determine residual stresses in float
glass or thermally tempered glass.

In the case of thermally tempered flat glass in gen-
eral, the surface compression stress, the compression
zone depth, the edge membrane stress as well as the
homogeneity of residual stresses are of interest. When
the residual stresses resulting from the thermal temper-
ing process show a low homogeneity, due to the stress-
induced birefringence of glass, interference colors can
become visible for the observer when installed on site.
This physical effect is also called optical anisotropy
effects in the building industry. To evaluate the optical
quality with respect to anisotropy effects, anisotropy
scanners can be used, which are either polarimeters
or polariscopes. Current research results on optical
anisotropy effects are described in (Dix 2021a). In DIN
SPEC 18,198:2022-05 (2022) measurement techniques
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are described and evaluation zones, evaluation meth-
ods and quality classes are defined. A higher quality
class reduces the risk of visible anisotropy effects. A
summary of photoelastic methods allowing full-field
measurements of architectural glass is given in (Dix
2022).

To evaluate the surface compression stress and the
corresponding surface compression zone depth at dis-
crete points, a scattered light polariscope (SCALP) can
be used. This is of interest, for example, for the pre-
diction of the fracture pattern, see (Nielsen et al. 2010,
Pour-Moghaddam 2019). Lohr (2020) has used mea-
surements performed with SCALP-04 and StrainScope
to determine the residual stresses of thermally tem-
pered glass before and after regrinding the edges. Dix
et al. (2021b) have analysed the residual stresses at
holes near edges in thermally tempered glass using a
SCALP-05 and two other full-field methods. Chen et al.
(2013) and Karvinen et al. (2019) have used SCALP
measurements to perform full-field measurements on
relatively small areas to investigate the homogeneity
and the isotropy of the residual stress state after thermal
tempering. For full-field measurements with SCALP, a
high number of discrete points in short distance need
to be evaluated.

Nielsen et al. (2021) have compared more than 600
SCALP measurements and found a dependency of
compression zone depth on glass thickness. The spec-
imens showed a larger compression zone depth with
increasing nominal thickness. Thiele et al. (2022) has
found a dependency of surface compression zone depth
regarding the two sides of glass panes. The specimens
showed a slightly larger compression zone depth on the
side, which had contact with the rollers during thermal
tempering process. A higher standard deviation for heat
strengthened glass was found.

Zaccaria and Overend (2020) investigated accuracy
and precision of SCALP measurements for different
photoelastic constants. Their experimental results fit-
ted best for a photoelastic constant C = 3.01 TPa~!
and showed an accuracy of +4.7 MPa and a precision
of 3.9 MPa. Unfortenately, no information about the
device used and the fitting method used are given.

In this contribution, the method for evaluating sur-
face compression stress by means of SCALP is con-
sidered in more detail. The calculation of the stresses
from the measurement data depends on the orientation
of the measurement to the principal stress directions.
These interrelationships will be examined. After that,
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five evaluation methods are presented. The first method
assumes isotropic stress state, the second method
assumes known principal stress directions. The other
three methods do not assume isotropic stress state or
known principal stress states. All methods are com-
pared on the basis of measurements on thermally tem-
pered flat glass without external load and within four-
point bending test. It was found, that principal stresses
evaluated by the five methods show different results
with standard deviations of up to 2.5 MPa. The more
assumptions are made to reduce complexity of the
problem, the more deviates the solution from expected
results.

2 Basics regarding scattered light polariscope

Figure 1a shows the setup of the SCALP schematically.
A polarized laser is guided through a prism at a defined
angle « into the glass sample. The angle « corresponds
to the angle between the laser and the vertical axis and
is usually used in the manufacturer’s descriptions. The
angle S corresponds to the angle between laser and the
horizontal axis and is used for calculations in this work.
In Fig. 1a, the axes x, y, z, which create a global coor-
dinate system that can be aligned with the edges of the
specimen, and the axes 7, ¢, y creating a local coordi-
nate system are introduced. In Fig. 1b, the axes x, y, z
are shown from a top view. Additional axes p and g
are introduced, which correspond to additional direc-
tions for measurements if measurements in up to four
directions are chosen to evaluate the current stress state.
Figure 1c shows the coordinate systems corresponding
to measurements in x- and y-directions.

The measurement shown in Fig. la is a measure-
ment in the direction of the x-axis. The intensity of the
scattering of the polarized laser along the laser path on
the n-axis is then recorded laterally. From the intensity
of the scattering the retardation 4(n) can be calculated,
for which in turn applies

n
5 = C / (051 — o3.2)dn. (1)

1o

Thus, the retardation depends on the photoelastic con-
stant C, as well as on the secondary principal stresses
05,1 and oy 7 in the ¢ y-plane perpendicular to the laser.
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Fig. 1 a Schematic draw of SCALP measuring device and b coordinate system x—y and ¢ schematic draw of measurement in x- and

y-direction. (according to GlassStress) ©Thiele

In this work, the secondary principal stresses, i.e. prin-
cipal stresses in a defined plane, are given the additional
subscript s to clearly communicate when secondary and
when principal stresses of the three-dimensional stress
state are meant. Since the stresses in the glass thick-
ness direction can be neglected in thermally tempered
glass, the three-dimensional stress state is converted
into a two-dimensional stress state. This results in the
principal stresses o1 and o instead of o7 and o3 for
the compression stresses at the surfaces of thermally
tempered glass.

To determine the principal stresses of the three
dimensional stress state, it is useful to first define the
stress state in a global coordinate system:

Ox Txy Txz
Tyy Oy Tyz |- )

Txz Tyz Og

Oy, =

By rotating around the y-axis by the angle 8 counter-
clockwise, the stress state in Eq. 2 can be transformed
into the local coordinate system:

0, cos2(B) + 27, cos(B) sin(B) + o, sin*(B) ¢

By solving the eigenvalue problem of the matrix
from Eq. 3, the secondary principal stresses o5, and
05,2 can be determined as a function of the stresses in
the global coordinate system. Since solving the eigen-
value problem for the general stress state is complex,
assumptions of the stress state are chosen to simplify
the calculation. For example, 0, = 7, = 7y; = 0 is
a common assumption for the stress state of thermally
tempered glass far away from the edges.

The retardations calculated from the measured data
are approximated by fitting a function. The derivative
of this function is directly proportional to the sought
secondary principal stresses:

d8(n)/dn = C(051 — 052). “

To determine the principal stresses or the stresses in
the x- and y-directions, several measurements may be
necessary depending on the assumption of the stress
state, see Sect. 3. Further information on the function-
ality of the SCALP can be obtained from (Aben 1993,
Anton 2003, Aben 2008, Anton 2015).

a
Oyt = ¢ b ’

a b o, cosz(,B) + 0x sinz(,B) — 21y sin(B) cos(B)
with a = — oy sin(8) cos(B) — Ty; sinz(ﬂ)

+ Ty, 05> (B) + 0, sin(B) cos(B),

b = —1yy sin(B) + 1y cos(B)

— Tyy sin(B) + 1y cos(B),

¢ = Tyy cos(B) + 1y, sin(B) 3)

3 Evaluation methods of principal stresses
Depending on the expected stress state in the glass spec-

imen, simplifications can be made to determine the sec-
ondary principal stresses, as addressed in the previous
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section. In this section, different evaluation methods
and their assumptions are described.

3.1 Isotropic stress state

To reduce complexity, the stress state in the centre of a
thermally toughened glass sheet may be assumed to be
isotropic. In this case, in addition to the usual assump-
tions for thermally tempered glass (0, = 7,; = T); =
0), also the following assumptions apply: o = oy and
7yy = 0. The stresses in the local coordinate system for
a measurement in x-direction are then given by

oy cos2(B) 0 —oy sin(B) cos(B)
Oy = 0 Oy 0 . (5)
—oy sin(B) cos(B) 0 oy sin?(B)

This results in the following secondary principal
stresses in y¢-plane:

Oy 0
Ty = ( 0 o, sinz(ﬂ)) ©

With Eq. 4, this gives the following relationship
between stresses and retardations from which the stress
state can be fully determined (Anton 2015):

8'(n)

Ccos?(B)’ )

oy(n) =ox(n) =

In case of isotropic stress state, o, and oy correspond
to the principal stresses. Only one measured direction
is necessary to determine the current stress state in this
case.

3.2 Known principal stress directions

For example, in a four-point bending test, the princi-
pal stress directions are known. For thermally tempered
glass without external load, no statement can be made
about the principal stress direction, since a complex dis-
tribution of heat is present in the toughening process,
which can also cause varying principal stress direc-
tions. To reduce the complexity, however, it can be
assumed that the principal stress directions are known.
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If the principal stress directions are known (7, =
0), and 0; = 7y; = 7y; = 0 can be assumed, Eq. 3 for
the measurement in x-direction simplifies as follows:

o, cos?(B) 0 —o, sin(B) cos(B)
Oy = 0 oy 0 . (8
—o sin(B) cos(B) 0 oy sin2(B)

The stresses in the x- and y-directions, which cor-
respond to the principal stress directions, can be calcu-
lated by using measurements in the two principal stress
directions. With Eq. 4 for these two directions applies
(Anton 2015):

6/
0y (1) — 0 (1) sin(B) = é’” and
8/
0 (§) — oy (§) sin®(B) =%. )

From these relationships, the two stresses oy and oy
can be determined.

3.3 Unknown principal stress directions
and non-isotropic stress state

Anisotropy effects are a common visible effect with
thermally tempered glass (Fachverband Konstruktiver
Glasbau e.V. 2019). For SCALP measurements this
indicates, that principal stresses in the plane perpen-
dicular to light path do not equal each other. As the
thermal conditions in the tempering process are com-
plex, no information can be given on principal stress
directions. For SCALP data preparation, in case of ther-
mally tempered glass with anisotropies, the conditions
0; = Ty; = Ty; = 0 can be used. For the measurement
in x-direction, Eq. 3 simplifies to:

oy cos?(B) Txy €08(B) —oy sin(B) cos(B)
Oy = Txy cos(B) Oy —Txy sin(B)
—0y sin(B) cos(B) —1yy sin(B) Ox sinz(ﬂ)
(10)

As the stresses oy, 0y, Tyy are unknown parameters, a
minimum of three measurements must be performed.
In the following, three methods are described. Two of
the methods use three measured directions, one of them
uses four measured directions.
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3.3.1 Method using four measured directions

Firstly, a method using four measured directions is
introduced. This method is described in SCALP manual
for the case of unknown principal stress directions. This
method includes, additional to Eq. 9, the following rela-
tionships for the two additional measured directions p
and g with coordinate axis A and ¢, respectively,(Anton
2015):

8/
0(¢) — 0y (¢) sin’(B) = (CQ, and
8 (A
04 () — 0y () sin?(B) = (C), (11)

As the relationships presented in Eqs. 9 and 11
are conducted using the matrix in Eq. 8 instead of
the matrix in Eq. 10, the contribution of 7y, to the
measured retardation is neglected while evaluating
Ox,0p, 0y and o,.

The principal stresses are calculated using the fol-
lowing relationships:

1
Try = z(ap — ) (12)

2
+ — oy
o1 0y = 2 zoy i\/("" . ‘7>> Ty (13)

3.3.2 System of nonlinear equations using 3 measured
directions

Secondly, a method is introduced which was evaluated
by solving the eigenvalue problem with the matrix in
Eq. 10. The secondary principal stresses in ¢y-plane
for measurement in x-direction result to

For each measurement direction, the secondary prin-
cipal stresses depend on oy, 0y, Tyy. Using the rela-
tionships of the secondary principal stresses of three
measurement directions (x-, y- and p-direction) given
in Eqgs. 14 and 15 as well as the relationship given in
Eq. 4, a system of nonlinear equations is obtained:

6/
061 (1) — 05 2(n) = é’”,
8/
031 (6) — 032(6) = f) and
6/
501 (0) — 032(0) =~ (16)

This system of equations can be solved by using,
for example, the Newton method, which is described
for example in (Zeidler 2013). By using this method,
only three measured directions are necessary to evalu-
ate the current stress state in the specimen without any
additional assumptions but 0, = 7,; = 7y, = 0.

3.3.3 Simplified method using three measured
directions

Thirdly, a simplified method is introduced. Here, for
each measured direction stresses are calculated assum-
ing isotropic stress state accordingly to the method
described in Sect. 3.1. This is done for three measured
directions, see Eq. 17.

) BRG
O'y(n) _—CCOSZ(,B)’ ox(§) = —CCOSZ(ﬁ)’
8@
op(8) = Coos2(B)’ (17)

0y (1) + 0 (1) s> (B) + o2 (n) cos* (B) + 42, (1) cos>(B) + 07 (n) — 20 () (1) cos(B)

0s,1(n) =

; (14)

ay () + 0y () cos*(B) — \/of(n) cos*(B) + 4t (1) cos?(B) + 0 () — 20x(n)oy (1) cos?(B)

os2(n) =

15)
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Principal stresses can then be evaluated easily by
using the following equations, compare (Gross 2014):

TxyZGp—_Uy;Ox’ (18)
1 27,y T
@1 = zarctan| ——— ), 2 = @1 + —, (19)
2 Ox — Oy 2
+ — oy
o1 = . ) A ) = cos(2¢1) + Txysin(2e1),
(20)
+ 0y — 0y
oy = o 2 g 2 % cos(2¢2) + Txysin(2¢2).
(21

For this method, three measurement directions
(x-, y- and p-direction) are necessary. As in Eq. 17
an isotropic stress state is assumed for each measured
direction, this is not an exact solution.

4 Experiment

For analysing the different methods, thermally tem-
pered flat glass without any external load as well as
loaded within a four-point bending test were investi-
gated.

4.1 Thermally tempered glass

The thermal tempering process is described, for exam-
ple, in (Schneider 2016). The result of the tempering
process is a parabolic stress state with compressive
stresses at the surfaces and tensile stresses in the centre
of the glass. A homogeneous heating and cooling of a
glass pane is not possible, since local differences in the
thermal process occur due to the rollers on which the
glass is transported, the nozzles from which air flows
for cooling and the complex heat distribution in the
furnace. Optical anisotropy effects are a visible effect
of the local differences in the thermal process. These
optical effects occur when the principal stresses are
anisotropic, that is, o1 # 03.

Since stresses mainly occur in the x- and y-
directions, stresses in the z-direction can be neglected.
A statement about the principal stress directions at each
point of the glass sheet is not possible due to the com-
plex thermal process.
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Details of the five specimens investigated in this
work are summarized in Table 1. Specimens 1 to 4 were
investigated without any external load, specimen 5 was
investigated in a four-point bending test. Specimens 1
to 4 were measured at 21 positions per specimen. Only
6 positions per specimen are discussed in this work.
The numbers in braces indicate the row numbers of
results given in Table 3.

4.2 Four-point bending test

Figure 2a shows the set up for the four-point bending
test, which was performed inverted in order to set up
the SCALP-05. A universal testing machine by ZWICK
ROELL and its implemented load cell was used to apply
the external forces. In this way, tensile stresses were
applied to the upper surface of the specimen. Figure 2b
shows static system, dimensions and the moment dis-
tribution.

Principal stress directions are known in this case.
Stresses due to external load add to residual stresses
from thermal tempering. As the SCALP is placed on
the top side, stresses in x-direction reduce due to the
external load. In this work stresses due to transverse
strain are neglected.

4.3 SCALP Measurement details

Before testing, the specimens were cleaned with iso-
propanol. For the testing on thermally tempered glass
without any external load, the specimens were placed
on a paper and measurements were performed in one
setup. For this setup, the four measured directions
X, p,y, g were performed, where the directions x and
y were aligned to the specimen edges. Three repetitions
per measured direction were performed. The measured
directions and the rotatable plate used for easier posi-
tioning of the SCALP are shown in Fig. 3b.

The specimen investigated in four-point bending test
was marked and a strain gauge was applied before being
installed, see Fig. 3a. For an easier rotation of SCALP
within the four-point bending test, the rotatable plate
shown in Fig. 3b was used. The SCALP was placed in
the middle of the glass pane. At this location, 8 mea-
surements in two setups, indicated in black and red
coordinate systems in Fig. 3b, were performed for each
load step. The first setup (black) consists of measure-
ment directions x, p, y and g, where the directions x
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Table 1 List of investigated glass specimens. FT refers to fully tempered glass (surface compression stresses above 90 MPa). HSG
refers to heat strengthened glass (surface compression stresses between 30 and 60 MPa). Number of measurement locations on the
specimen and number of applied load steps are given. Numbers in braces in column 6 refer to results given in Table 3. Measurement

setups describe the number of different coordinate systems used

Specimen Dimensions Nom. Glass type FT/ No. of measured No. of applied Setups
[mm] thickness HSG locations load steps
[mm] (ref. to Table 3)

1 750 x 1500 8 Soda lime FT 21 (1-6) 0 1(0°)

2 750 x 1500 10 Soda lime FT 21 (7-12) 0 1(0°)

3 750 x 1500 8 Soda lime HSG 21 (13-18) 0 1(0°)

4 750 x 1500 12 Soda lime, low iron ~ HSG 21 (19-24) 0 1(0°)
5 100 x 500 6 Soda lime FT 1 16 2(0° &

15°)

Static system:
SCALP
F/2 (2.8N) F/2

' v '

50 40 40 50
Moment distribution:
F*80mm
©
b

Fig. 2 Four-point bending test: a Test set up and b Static system, dimensions and moment distribution. © Thiele

and y were aligned to the specimen edges. The second
setup (red) is rotated by 15° and consists of the mea-
sured directions 15, 60, 105 and 150. Each measured
direction was repeated three times. As strain gauge and
SCALP are placed on opposite sides, additional reflec-
tions interfering with retardation measurement were
observed. In order to minimize these interferences, the
measuring depth of SCALP was reduced to 4 mm.

In these investigations SCALP-05 with an angle of
o = 71.8° was used. The immersion Ligiud Code 5095
from Cargille Laboratories with a refractive index of

1.52 at a wavelength of 635 nm was used to mini-
mize reflections at the surfaces between SCALP and
the specimen. According to Anton (2015) the preci-
sion of SCALP is less than 5% for surface compression
stresses greater than 20 MPa.

4.4 Data processing
For evaluation of the measured data, the retardation

values were exported to MATLAB (2018). Only one
of the three repetitions of each measured direction was
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a

b

Fig. 3 a Specimen prepared with strain gauge and b coordinate system for setup 1 in black and for setup 2 (by 15° rotated coordinate

system) in red, in the background the rotatable plate. © Thiele

exported. Care was taken that the three repetitions show
results with only small deviations.

With an own Script, a polynomic function of third
order was identified by a least square fit so that the retar-
dation values in depth 0.02-2.0 mm were described
in the best way possible. As only surface stresses are
investigated in this work, a polynomic function that is
very close to the measured data in this range is of high
interest. The retardation was fixed to zero at the glass
surface. No other conditions were applied to the poly-
nomic function.

Figure 4 shows three examples of measured retar-
dations and fitted polynomic function for the three
load cases of 0,09 = OMPa, 0,04 = 7.7MPa and
0add = 19.8 MPa in four-point bending test described
in Sect. 4.2. Measurement artifacts caused by the reflec-
tion of the laser on the surface can be seen in all
three examples. During the experiment, the SCALP
was placed on the specimen and only removed and
replaced, when these artifacts became too large. In this
way, deviations from measured positions were mini-
mized, but with every rotation of the SCALP, a bit
air entered the liquid between glass and SCALP and
artifacts became larger. Additionally, the contact area
between SCALP and glass specimen gets smaller with
increasing applied load due to deflection.

The methods described in Sects. 3.1-3.3 process the
derivatives of the identified third order polynomic func-
tions. The photoelastic constant was determined to be
2.7 TPa~! using the measured stresses in four-point
bending test of specimen 5. This was also assumed for
specimens 1 to 4.
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5 Experimental results

In Sect. 5.1 results of measurements performed in four-
point bending test evaluated with four of the five intro-
duced methods are described. In Sect. 5.2 results of
measurements performed on unloaded thermally tem-
pered glass evaluated with the five methods introduced
are described.

6 Fully tempered glass in four-point bending test

The measurements on thermally tempered glass with
external load were evaluated using four of the described
methods above. The first method described in Sect. 3.1
is not used, because due to the external load, which
mainly acts in x-direction, no isotropic stress state is
apparent. Here, o, # o, # 0 apply.

In Table 2, the principal stresses evaluated with the
methods described in Sects. 3.2 and 3.3 as well as the
standard deviation separately for o1 and o, are given.
The external load F' measured with the load cell imple-
mented in Zwick ROELL universal testing machine and
resulting additional stress 0,44 measured by the strain
gauge are given for each load step. In Fig. 5, the evalu-
ated principal stresses are shown for each load applied.
Additionally, the addition of first principal stress and
additional stress (o7 — 0,444) as well as a dashed line
indicating first principal stress without external load are
shown. Figure 5a shows the results for first setup (0°),
Fig. 5b shows the results for second setup (15° rotated
coordinate system).
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Fig. 4 Example of measured retardation and fitted polynomic functions in 4 point bending test: a 0,454 = 0 MPa, b 0,44 = 7.7 MPa,
¢ 0g4qq = 19.8 MPa. ©Thiele

Table 2 Principal stresses for different external loads F leading to additional stress 0,44 in x-direction evaluated by the four methods
described in Sects. 3.2 and 3.3. For each load step principal stresses are given by using the coordinate system x—y as well as a 15°

rotated coordinate system. Standard deviation separately for each principal stress is given

F Oudd Set- Section 3.2 Section 3.3a Section 3.3b Section 3.3¢ SD
up Equation 9 Equation 11-13 Equation 14-16 Equation 17-21
o1 0 o1 o o1 o) o1 o o1 o
[N] [MPa] [°] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
0.0 0.0 0 -111.6 -113.0 -111.5 -113.0 -—-111.3 —-113.3 —111.1 —113.,5 0.2 0.2
15 —-112.7 —-1134 -1123 —-1137 —-1119 —114.1 —-111.7 —-1143 04 0.4
17.2 2.6 0 —-106.0 -111.6 —-1060 —111.7 —1058 —111.9 —-1051 —112.5 04 04
15 -108.7 -111.7 -1076 —1128 —107.8 —112.6 —1073 —113.1 0.6 0.6
26.4 3.9 0 -103.8 -111.7 -103.7 -—-111.8 —-103.6 —111.9 —-102.8 —112.7 05 0.5
15 —-104.8 -111.5 —-1040 -—-1123 —-1042 —112.1 —-1034 —1129 0.6 0.6
35.2 5.1 0 —-103.4 -1103 -1034 -1103 -—1026 -—111.0 —-101.7 —112.0 0.8 0.8
15 -107.5 -110.8 -106.2 —1120 —1056 —112.6 —1049 —1134 1.1 1.1
55.1 7.9 0 —-102.5 -1143 -1024 —-1144 —-1023 —1145 -—-101.0 —115.8 0.7 0.7
15 —-103.1 -113.6 —-102.8 —-1139 —-1029 —-113.8 —101.7 —1149 0.6 0.6
742 10.6 0 —984 —1124 —-984 —1124 —98.3 —1125 —-96.8 —1140 0.8 0.8
15 -98.1 —-1079 —-97.6 —1084 —-97.6 —108.4 -96.5 —109.5 0.7 0.7
1114 158 0 -96.8 —-111.9 -96.7 —112.0 -96.7 —112.0 -95.1 —1136 0.8 0.8
15 -970 -—-111.8 —-96.0 —112.8 —-95.7 -—113.0 —-939 —1149 13 1.3
148.5 21.1 0 -91.0 -1125 —-91.0 —1125 —-90.9 -—112.6 —88.6 —1150 1.2 1.2
15 -92.7 —-111.0 -914 —1123 -914 1122 —89.3 —1144 14 14
186.5 264 0 —-864 —1128 —-863 —1129 —864 —112.8 —83.5 —1158 1.5 1.5
15 —-873 —111.5 —-858 —113.0 —853 —1133 —-82.6 —1163 20 2.0
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Fig. 5 Principal stresses evaluated for loaded thermally tempered glass: a evaluated stresses using measurements performed in setup
0° (x, p, y, g-directions) b evaluated stresses using measurements performed in setup 15° (15, 60, 105, 150-directions). ©Thiele

From Table 2, it can be seen that standard devia-
tion increases up to 2.0 MPa with increasing external
load and thus increasing difference of o1 and 0. When
looking at Fig. 5a, only the principal stresses evalu-
ated with the simplified method (Eqs. 17-21) over-
estimates the first principal stress and underestimates
the second principal stress. This deviation is larger
for larger applied loads. The three remaining meth-
ods show results in good agreement. When looking at
Fig. 5b the results of the four methods deviate more.
The simplified method (Eqgs. 17-21) still overestimates
the first principal stress und underestimates the sec-
ond principal stress. The method given in Eq. 9, which
assumes that measured directions equal to principal
stress directions, underestimates first principal stress
and overestimates second principal stress. The method
using three measured directions (Eqs. 14-16) and the
method using four measured directions (Eqs. 11-13)
show similar results.

Inboth setups the addition of first principal stress and
additional stress (o7 — 0444) are close to first principal
stress without external load for large applied stresses
(> 15 MPa). For small applied stresses (< 15 MPa),
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the results differ to first principal stress. If the direc-
tion of the first principal stress of the stress state in the
thermally tempered glass is the same as the direction of
the first principal stress in the four-point bending test,
the addition would be expected to be equal to the first
principal stress without load. If this is not the case, a
difference between the addition and the first principal
stress is to be expected and, at least for small loads,
the principal stress directions cannot be assumed to be
known before measurement.

In Fig. 6 the azimuth relative to the x-axis, which
was parallel to the longer side of the specimen, of the
first principal stresses are shown. In Fig. 6a the results
of setup 1 (0°) are shown, in Fig. 6b the results of
setup 2 (15°) are shown. Since for setup 2, the angles
are calculated relative to the measuring direction 15
(see Fig. 3b), this difference was subtracted so that the
data in Fig. 6b show the angle relative to the x-axis.
An additional line shows the shifted reference line for
setup 2.

When looking at Fig. 6, the angles evaluated with
the different methods described in Sect. 3 show simi-
lar results for setup 2. For setup 1, the method using
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Fig. 6 Azimuth of principal stress directions relative to the x-axis (long side of specimen) evaluated for loaded thermally tempered
glass: a evaluated stress directions using measurements performed in setup 0° (x, p, y, g-directions) b evaluated stress directions using
measurements performed in setup 15° (15, 60, 105, 150-directions). ©Thiele

four measured directions (Eqs. 11-13) show devi-
ating results for measurements with small external
loads compared to the method using three measured
directions (Eqgs. 14-16) and the simplified method
(Egs. 17-21). The measurement without external load
shows a principal stress direction relative to the x-
axis of 0.137 = 23.4° (Eq. 14-21), respectively
0.07t = 12.6° (Egs. 11-13), in setup 1 and 0.117 =
19.8° (Egs. 14-21), respectively 0.097 = 16.2°
(Egs. 11-13), in setup 2. For small external stresses
(0 MPa < 0,44 < 15 MPa), the angles evaluated are
closer to the x-axis. As expected, the direction of first
principal stress equals to the x-axis for large applied
loads. Measurements in both setups support this expec-
tation.

In Fig. 7, the differences of principal stresses mea-
sured with SCALP-05 and stress measured with strain
gauge are compared. As the stress state of thermally
tempered glass must not be isotropic, the difference of
principal stress with F = 0 is subtracted, see Eq. 22.

Ao (F)=o01,;(F)— 03, (F)
— (01,i (F =0) — 02, (F = 0)) (22)

Herein, the index i indicates the chosen evaluation
method. This is a simplification, as first principal stress
direction of the residual stresses within thermally tem-
pered glass and first principal stress direction of addi-
tional stresses due to the applied load must not be equal
(see Fig. 6). Transverse strain was not measured and
additional stresses in transverse direction due to exter-
nal load are neglected.

In Fig. 7a, the results evaluated by Egs. 9 and 17-21,
in Fig. 7b the results evaluated by Eqs. 11-13 and
Eqgs. 14—16 are shown. Ideally, the measured stress dif-
ference Ao equal the measured external stress o,44.
The function y = x is added to the plot to visualize
the ideal result. The photoelastic constant was chosen
to C = 2.7 TPa~! in order to minimize this difference.

Compared to the results displayed in Fig. 7b, the
results displayed in Fig. 7a show larger deviations from
the ideal curve. Also, deviations of the results evaluated
in setup 2 compared to the results evaluated in setup 1
can be observed. These deviations are larger for the
results shown in Fig. 7a.
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Fig. 7 Principal stress differences Ao evaluated by Eq. (22) and additional stress measured with strain gauge. Photoelastic constant is

chosen to C = 2.7TPa~!. ©Thiele

6.1 Fully tempered glass without external load

The four specimens investigated without external load,
were measured at 21 positions per specimen. For the
comparison of the different methods, only 6 positions
per specimen are used. Therefore, three points close to
isotropic stress state (61 —o2 < 3 MPa) and three points
with larger differences 3 MPa < o; — 0 < 6 MPa)
were chosen per specimen. In Table 3, the princi-
pal stresses evaluated with the methods described in
Sects. 3.1 to 3.3 as well as the standard deviation sep-
arately for o1 and o7 are given. For the method assum-
ing isotropic stress state (Eq. 7), four values could be
evaluated. Here, only minimum and maximum of these
four values are given. As this method assumes isotropic
stress state (o7 = o07), both values are included in the
standard deviation for oy and 0. For the method assum-
ing known principal stress directions (Eq. 9), x-and y-
directions were chosen to be evaluated. In Fig. 8, the
evaluated principal stresses are shown. Figure 9 shows
the evaluated azimuth relative to the x-axis correspond-
ing to the first principal stress for each measurement.
From Table 3 and Fig. 8, it can be seen that stan-
dard deviations for the points close to isotropic stress
state are smaller (0.5 MPa — 1.2 MPa) than standard
deviations for the points with larger stress differences
(1.4 MPa — 2.8 MPa). When looking at Figs. 8 and 9,
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it becomes clear that the stress states evaluated are not
isotropic and most of the measured points show prin-
cipal stress directions that do not equal the assumed
principal stress directions (x- and y-direction, 0° and
90°).

The highest deviations are observed for stresses
evaluated with the method assuming isotropic stress
state (Eq. 7). Minimum and Maximum of the four eval-
uated stresses using this method fit mostly well to the
two principal stresses evaluated with the other meth-
ods. If only one measurement of this method is avail-
able, the evaluated stress can only be interpreted as a
rough reference value.

The second highest deviations are observed for the
method assuming known principal stress directions
(Eq. 9). Most of the selected measured points in this
work show principal stress directions deviating from
measured directions. Comparing Figs. 8 and 9, the
deviations of the results are independent of the evalu-
ated principal stress direction but depend on the found
principal stress differences. Figure 8 shows that results
evaluated with this method are in good agreement with
results evaluated with other methods for lower stress
differences. The results for measured points with larger
stress differences deviate with results of other methods.

The third highest deviations regarding principal
stresses are observed for stresses evaluated with the
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Table 3 Evaluated principal stresses for measurements on thermally tempered glass without external load. Standard deviation separately
for each principal stress is given. For each of the four specimens, the first three rows show low difference of principal stress, the second

three rows show larger differences

Section 3.3a
Equation (11-13)

Section 3.2
Equation (9)

No. Section 3.1
Equation (7)

Section 3.3b
Equation (14-16)

Section 3.3¢ SD
Equation (17-21)

Min Max o1 o o1 o o1 [o) ol o) o1 o)
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
1 —106.2 —-103.2 —-1034 -1059 -—-1034 —105.9 —103.4 —105.9 —103.1 —106.2 1.2 1.2
2 —106.1 —103.8 —104.0 —1059 —-104.0 —105.9 —104.0 —105.9 —103.8 —106.1 0.9 0.9
3 —104.2 —102.9 —-103.7 —104.1 —103.6 —104.2 —103.1 —104.7 —102.9 —1049 05 0.7
4 —107.3 —102.8 —103.1 —106.2 —102.6 —106.8 —102.1 —107.3 —101.5 —107.9 2.1 1.8
5 —106.8 —103.3 —104.0 —106.5 —103.3 —107.1 —103.5 —107.0 —103.1 —107.4 1.4 1.5
6 —106.2 —100.6 —102.7 —103.6 —100.8 —105.5 —100.6 —105.7 —100.0 —106.3 2.3 2.2
7 —110.7 —108.0 —108.2 —1104 —108.1 —110.5 —108.2 —110.5 —107.9 —110.7 1.1 1.1
8 —112.1 —-109.6 —109.8 —111.9 —109.6 —112.1 —109.7 —112.0 —109.4 —112.2 1.0 1.0
9 —1084 —-105.5 -107.2 -—-108.2 —106.6 —108.8 —107.2 —108.3 —107.1 —1084 09 1.2
10 —-1139 -110.0 —-1109 -112.5 —109.9 —113.5 —110.1 —113.3 —109.7 —113.6 1.6 1.4
11 —113.8 —108.9 —-109.6 —111.8 —108.5 —113.0 —108.9 —112.5 —108.5 —112.9 2.0 1.7
12 —-109.2 —-102.8 —1034 —108.6 —103.3 —108.7 —103.3 —108.7 —102.8 —109.3 2.5 2.5
13 -549 =526 527 544 =525 —-54.6 —-52.2 —54.9 -51.9 —55.2 1.1 1.0
14 -537 =510 =512 =535 =512 —53.6 —51.1 —53.6 —-50.9 —-53.9 1.1 1.1
15 -529 -500 -503 —-52.6 —50.3 —52.6 —50.1 —52.8 —49.8 —-53.0 1.2 1.1
16 -53.0 —-479 -503 =524 —-49.0 —53.7 —49.6 —53.1 —49.2 —53.5 1.7 2.2
17 —554 —49.1 —-496 548 —49.6 —54.9 —49.4 —-55.0 —48.9 —55.6 2.5 2.5
18 —-56.2 —494 530 543 —-50.8 —56.6 —51.4 —55.9 —-51.0 —56.4 24 2.8
19 -382 -36.1 362 372 =357 —-37.7 -353 —38.1 -35.1 —-38.4 1.1 0.9
20 -353 =319 =326 351 324 —353 -32.6 -35.1 —-323 —353 1.2 1.4
21 -350 -33.1 =333 -—-349 333 —34.9 —33.2 —34.9 —33.0 —35.1 0.8 0.8
22 —41.1 =374 =377 —-40.7 -=-37.7 —40.8 -37.7 —40.8 —374 —41.1 1.4 1.4
23 -413 =371 =375 —-409 -373 —41.2 -37.1 —41.3 -36.7 —41.8 1.7 1.7
24 —437 —-385 -390 —432 385 —43.7 —38.7 —43.5 —38.2 —44.0 2.1 2.1

simplified method (Eqs. 17-21), see Fig. 8. Regarding
the principal stress directions, this method is in good
agreement with the method using three measured direc-
tions (Egs. 14-16), but deviate from the method using
four measured directions, see Fig. 9.

7 Conclusion

In Sect. 3 different methods for evaluating principal
stresses with measured data using SCALP are intro-
duced. Firstly, a method assuming isotropic stress state

which only need one measured direction to identify
principal stresses is described. Secondly, a method
using measurements in principal stress directions is
introduced. In Sect. 3.3 two methods using three mea-
sured directions and a method using 4 measured direc-
tions are described. In order to compare these methods,
principal stresses were evaluated by four methods for
18 stress states in four-point bending test and by five
methods for unloaded thermally tempered glass.
Summarizing the measurements in four-point bend-
ing test, these measurements show that the results eval-
uated with the method assuming known principal stress
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directions (Eq. 9) show results in good agreement with
the other methods, when the principal stress directions
are assumed correctly (setup 1). For the case of incor-
rectly assumed principal stress direction, as simulated
with setup 2, the results deviate from results evalu-
ated with other methods. This fits well with the the-
ory described in Sect. 3.1. As for this method the mea-
sured directions are assumed to be equal to the principal
stress directions, the contribution of 7y is neglected,

see Eq. 5. In setup 1 this is the case, in setup 2 this is
not the case.

The method using four measured directions
(Egs. 11-13) and the method using three measured
directions (Eqgs. 14—-16) show similar results, inde-
pendently of the setup, regarding principal stresses.
Regarding evaluated principal stress directions, the
results deviate independently of the setup. Both meth-
ods are able to identify the non-isotopic stress state with
unknown principal stress directions. Little deviations
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regarding principal stresses are to be expected. For the
method using four measured directions, the contribu-
tion of 7y, is neglected, when evaluating the stresses
Ox, 0p, oy and o,. The method using three measured
directions (Egs. 14-16) does not neglect 7., when eval-
uating the principal stresses. It is not clear which of the
methods give results with higher accuracy.

For the simplified method the deviations of princi-
pal stresses are larger with larger applied load indepen-
dently of the setup. The evaluated principal stress direc-
tions are in good agreement with method using three
measured directions (Eqgs. 14—16). The higher devia-
tions in principal stresses result, because when evaluat-
ingoy, 0, and oy, isotropic stress states are assumed for
each measurement. The agreement in principal stress
directions with the method using three measured direc-
tions (Egs. 14-16) could follow from the fact that the
same 3 measurements are used here.

Overall, the methods that include more assumptions
that reduce complexity of the task, show larger devi-
ations to the methods that include less assumptions.
Standard deviations for the measurements in four-point
bending test do not exceed 2.0 MPa.

Also, for measurements on unloaded thermally tem-
pered glass, methods including more assumptions to
reduce complexity of the task, show larger devia-
tions. The highest deviations shows the method assum-
ing isotropic stress state (Eq. 7), followed from the
method assuming known principal stress directions
(Egs. 11-13). The simplified method (Eq. 17-21)
shows deviations, which are smaller to the methods
named above. Standard deviations regarding the dif-
ferent evaluation methods do not exceed 2.8 MPa.

As a conclusion, the user should think about the cur-
rent stress state and principal stress directions before
performing SCALP measurements. In dependency of
needed accuracy of the measurement and available
time, an evaluation method can be chosen. The more
directions need to be measured, the more time is nec-
essary. By assuming an isotropic stress state, only one
direction must be measured, but the result could over-
or underestimate the current stress state.

In this work evaluated stresses using the methods
described in Sects. 3.3a and b showed good agreement.
Advantage of the method described in Sect. 3.3b is, that
only three measured directions are needed in compari-
son to four measured directions. The simplified method
described in Sect. 3.3c showed larger deviations from
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expected results. This shows, that the retardation mea-
sured always depends on principal stresses in the plane
perpendicular to the laser beam and not just on the stress
perpendicular to measured direction. Care should be
taken when SCALP measurements are interpreted.

In the experience of the authors, deviations because
of badly fitted polynomic functions and the conditions
applied to this function have a large influence on eval-
uated stress. Also, large reflections on glass surface
can lead to higher deviations. In order to get good mea-
surement results, care should always be taken to reduce
theses errors.
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