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Abstract

Flexible glass is an interesting substrate for a variety of displays, especially bendable or foldable ones, as it shows excellent
surface properties and appealing haptics. With the necessary skill, flexible glass can be coated with thin films of different
functionality, such as electrical or optical thin films, using plasma processes. In displays, thin film coatings such as transpar-
ent conductive electrodes and/or antireflective layer stacks are of major importance. Despite its attractive surface properties,
however, flexible glass is still brittle, and its strength must be examined and monitored during any functionalization process,
especially with regard to the fatigue behaviour. Currently, specific setups for cyclic fatigue testing of coated flexible glass are
not available. Therefore, a new test method is presented herein for easy-to-handle rapid strength and fatigue testing using an
endurance testing machine. This method overcomes two issues with the commonly used two-point bending test: the correct
insertion of specimens is much easier, and both strength and fatigue testing using the same setup are now possible. Finite
element method (FEM) simulation outcomes and first experimental simple fracture tests show that results comparable to
those with a two-point bending test setup can be achieved with less effort. This makes it possible to analyze the fracture
behaviour of flexible glass under cyclic loading and to evaluate the influence of thin film stress and other coating properties
on its performance.
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Introduction

Over the past few decades, the demand for consumer
electronics has increased considerably, leading to
significant growth of the display industry. The increasing
demand for displays is not limited to consumer electronics
but also involves health care and automotive applications
as well as other industrial sectors. The growth of the
global display market is expected to continue in the
coming decade. Indeed, some studies predict an almost
doubling of the market value. In addition, these studies
anticipate increasing demand for flexible and transparent
panel displays.! The high demand for functional thin
films which are part of display layer stacks is, however,
mostly independent of the specific type of display and/or
application.

Transparent conductive electrodes are indispensable
in almost any kind of display.? Thus, the deposition of
indium tin oxide as a transparent conductive film for
display applications has been studied extensively, for
example regarding optimized sputter deposition and
process scalability.>* Even though alternatives have been
developed and evaluated as well, indium tin oxide on glass
or poly(ethylene terephthalate) (PET) clearly dominates
the transparent conductive film market today.’

In addition to the pure functionality of a display, the
deposition of an antireflective layer stack is a typical
refinement step to further improve the user experience.®
Typically, these layer stacks serve other purposes as
well, such as providing easy-to-clean properties or
scratch protection.”® Since the demand for bendable and
flexible displays is increasing, the importance of these
multifunctional optical and protective layer stacks will
increase as well, as these types of displays are subjected to
mechanical loading. This demands not only the adaptation
of the thin film properties to the given application but also
the careful choice of an adequate substrate.

It is widely acknowledged that flexible glass shows
superior material properties to polymer webs for many
applications. Flexible glass is transparent in the visible and
near-infrared spectrum, and is dimensionally stable, with
low surface roughness (R, < 0.5 nm). Moreover, its barrier
properties are outstanding and often used as a benchmark
to compare other materials against it. In addition, flexible
glass is a suitable substrate for encapsulation. Thus, it is an
attractive substrate for display, lighting, and photovoltaic
applications.” The appealing haptics and the hardness
might be additional reasons for the implementation of
flexible glass into the first foldable smartphone devices
on the market.

However, the brittleness of flexible glass is a major
obstacle hindering its widespread use as a serious
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alternative to polymer webs. Thus, detailed knowledge
about the factors influencing glass strength is necessary
to successfully process flexible glass. Early research in
the field of glass material science established that the
strength of glass is statistically distributed following the
Weibull distribution.'”!" Of course, this is also valid for
flexible glass. In addition, there is a relatively small body
of literature that deals with flexible glass strength. In
general, these studies have all shown that functionalization
strongly influences the strength of the glass.'>"'* However,
the fatigue behaviour of flexible glass has not yet been
studied in detail, and has been neglected in some studies.

Nevertheless, the strength under dynamic loading, i.e. the
fatigue behaviour, has much higher practical relevance for
ultra-thin glass than for thick glass, since large geometric
deformation of flexible glass substrates is possible. This
is especially true during the roll-to-roll functionalization
processes, where deformations occur intentionally, such
as during winding. However, unintentional deformations
in production processes can also lead to failure. The
strength of thick glass under dynamic loading conditions
has been found to be strongly dependent on the loading
and surrounding conditions.!> Obviously, these findings
are highly relevant for ultra-thin glass as well. Moreover,
due to the higher possible geometric deformation, it can be
assumed that detailed knowledge regarding both the strength
and fatigue behaviour of flexible glass might be necessary
to enable reliable processing with viable production yields.
At a minimum, the correlation between these two material
properties should be examined.

No standardized test methods are available for either
strength or fatigue testing in the characterization of flexible
glass. However, a number of techniques has been developed,
including two-point bending, (miniaturized) three-point or
four-point bending test setups, ball-on-ring-tests, and tensile
tests.' #1518 The two-point bending test was first described
for optical fibres but has since been adopted for flexible glass
testing.'>?

Despite some disadvantages, the two-point bending
test is a universal and simple test setup to determine the
strength of flexible glass substrates. Although sometimes
called by the same name, the two-point bending test based
on Matthewson et al.'” should not be confused with other
test methods such as bending tests on Dynstat test speci-
mens (DIN 53435) or the single cantilever beam test for
sandwich composites (ASTM D5528-13). For strength
investigation in the two-point bending test based on Mat-
thewson et al.,'” a specimen is placed horizontally between
two vertical plates (or vice versa) and is deformed with
decreasing plate distance. It first forms an arc and then
turns into a U-shape as soon as wall contact is established
(Fig. 1). The strength of the specimen can be calculated
from the specimen dimensions and the plate distance
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immediately before failure. It is advantageous that this
test setup is independent of the specific specimen size. It
can be performed equally well for small and large speci-
mens. However, the main disadvantage of this test method
is that the effective length of the specimen under tensile
load varies during the test. Another major challenge is
the precise positioning of the specimen between the two
plates. Moreover, this test setup cannot be used for fatigue
testing, since normal test machines are not designed for
cyclic loading.

To address this problem, a new test setup is proposed
herein which is well suited for both strength and fatigue
testing of flexible glass. This paper first provides a brief
overview of the setup. Then, (fracture) mechanical
details are discussed. The final section examines the

“contact plates sample

Fig. 1 Deformation of a sample in a two-point bending test.

comparability between the proposed test setup and a
conventional two-point bending test and then describes a
fatigue testing procedure for flexible glass.

Methodology
Strength and Fatigue Testing Setup

For the new test method, the YUASA U-shape folding test
machine (Bayflex Solutions) was adapted to the special
needs of flexible glass testing (Fig. 2). This endurance test
machine includes a stepper motor but no load cell. It is com-
mercially available and used primarily for endurance testing
of polymer substrates and polymer-based products.*!

The deformation of the specimen during loading can
be divided into two phases. For testing, the specimens are
placed horizontally between the two specimen holders, as
shown in Fig. 3 (1), with a plate distance of 121 mm. Then,
only one plate is moved while the other one is fixed. The tilt
angle is prescribed by two leaf springs connected to both
specimen holders. During the first deformation phase, the
specimen forms an arc first and later a drop shape without
plate contact (2). At a plate distance of 35 mm, the speci-
men rests on a contact surface and is then deformed into
a U-shape (3) during the second deformation phase. The
given test setup allows a minimum plate distance of 11 mm.
Minimum and maximum distances as well as the point of

Fig.2 U-shape folding test setup with adapted specimen holders (grey) for flexible glass specimens measuring 20 x 120 mm?. The right part of

the setup is moved while the left part remains fixed.
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Fig.3 Sketch of the specimen deformation during the U-shape folding test. For purposes of clarity, only five specimens are depicted. However,

up to ten specimens can be tested simultaneously.

3D printed
holder plate

J//////////%

Fig.4 Drawing of the specimen holder for the flexible glass substrate
as depicted in Fig. 2. The glass substrate is installed with positive
locking between the lower white plate and the upper grey 3D-printed
holder plate. A slit several micrometer thick between the specimen
and the upper holder plate prevents the specimen from breaking.

/// L

specimen

initiation of plate contact are strongly dependent on the sub-
strate dimensions. Even though polymer substrates and flexi-
ble glass might be of similar thickness, the existing substrate
holder of the test machine cannot be used for flexible glass
testing. For the investigation presented in this paper, flex-
ible glass specimens measuring 120 x 20 mm? and 100 um
thick were used. Sections measuring 5 mm on each side of
the specimens were fixed in a specially designed specimen
holder.

To avoid glass fracture at the clamping edge, a specially
adapted specimen holder was developed. Instead of negative
locking, it is based on positive locking of the glass substrates
between two plates. This is realized by a small slit between
the specimen holder plate of the machine and the custom-
ized clamping plate into which the glass substrate is inserted
as shown in Fig. 4. As an important benefit, the 3D printed
clamping plate allows testing of up to ten specimens simul-
taneously by providing slits separated from each other by
small spacers. However, the most important advantage of
this form-fit clamping is that the fixed glass substrates do
not undergo pressing even though the two plates are screwed
together tightly. Thus, specimens can be deformed once or
several times without failure at the clamping edge.

The endurance test machine can be used for regular
bending strength tests as well as for fatigue testing. For
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bending strength tests, the plate distance is continuously
reduced at a speed of 1 mm/s. As no load cell is available,
the point of fracture is determined acoustically from video
recordings of the tests. For fatigue testing of flexible glass,
cyclic loading at reasonable speeds of 20-30 cycles/min can
be performed. The maximum bending stress is independent
of the nature of the test and can be calculated from the plate
distance at the moment of fracture.

Determination of the Stress Distribution
in the Specimen

The approximate maximum stress in a flexible glass speci-
men at a given plate distance can be determined from the
measured radius of curvature. For this purpose, a specimen
with a highlighted edge was deformed, and the resulting cur-
vature at different plate distances was extracted from frontal
photographs (Fig. 5). The bending radius was then measured
using an image measurement tool by finding the radius of a
circle through three selected points (marked as a triangle) of
the deformed specimen.

The strain as a function of curvature and distance from
the neutral axis can be related to stress using Hooke’s law.
The maximum stress o,,,, at a given curvature radius r can
be calculated as follows:

_E

UHIB.X 2r

ey

The thickness ¢ is 100 um and Young’s modulus E is
74.8 GPa, as provided in the datasheet for the AF 32 eco
ultra-thin glass used (SCHOTT AG).

A simulation using the finite element method (FEM)
was conducted to evaluate the validity of the estimate.
Since the deformation occurs symmetrically, the problem
could be reduced to the simulation of a quarter of the
specimen to minimize computational time. The analysis
was performed using COMSOL Multiphysics software.
Geometric nonlinearity was included, and frictionless
contact simulation was performed using the penalty
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Fig.5 Procedure for estimating the maximum stress from the opti-
cally determined bending radius. The specimen form was extracted
from frontal photographs with a scale. The radius of curvature was

method. The simulation was conducted for ultra-thin glass
(SCHOTT AF 32 eco; SCHOTT AG). Young’s modulus
was set to 74.8 GPa and Poisson’s ratio to 0.24, as provided
in the datasheet. The dependence of the tilt angle of the
specimen holders on the plate distance was determined
from frontal photographs using an image measurement tool.
The precision of the measurements was +1° for tilt angles
less than 45° and +0.5° for larger angles. Since glass is a
brittle material, failure due to tensile stress is most likely.'?
Therefore, the first principal stress was used to describe the
stress distribution in the specimen.

Validation Experiments

Validation experiments were carried out to assess whether
and how experimental fracture strength data derived from
the new U-shape folding test compared with results from
two-point bending tests. That is, tests until failure were
performed for first evaluations instead of tests under
cyclic load. A two-point bending test was carried out
using substrates of the same size as in the U-shape test
(120 x 20 x 0.1 mm?). In the U-shape test, 30 individual
specimens were tested for each sample set, testing two
specimens each simultaneously. The two-point bending
tests require greater effort because of the precise positioning
of specimens. Thus, only ten specimens were tested for
each sample set. Specimens in which no failure occurred
throughout the test procedure were excluded from analysis
(four specimens of uncoated glass in the U-shape test). The
benefit of this approach is that the distribution determined
without the survivors describes the region of low failure
probability more precisely than a distribution in which
surviving specimens are included with a fictive strength

A |

then determined by finding the radius of a circle through three points
of the deformed specimen shape.

SiO,
99 nm
15 nm
37 nm

188 nm

100 um flexible glass

Fig.6 Seven-layer antireflective stack with a total thickness of
455 nm that was used as a coating for test evaluation.

above the upper limit of the measurement range. Moreover,
the real strength of the survivors is unknown and thus can
hardly be considered in calculations.

Both uncoated and coated glass were examined in vali-
dation experiments because the test setup should be spe-
cifically suitable for testing coated flexible glass in future
fatigue tests. In light of the high relevance for industrial
applications, a seven-layer antireflective layer stack on 100-
um flexible glass was used (Fig. 6). Silicon dioxide was used
as the low refractive material and zirconium dioxide as the
highly refractive material. The total thickness of the layer
stack was 455 nm. Although the coatings likely influence
the mechanical properties of the glass-coating composite,
the stress distribution in uncoated glass was used for the
investigations using coated samples in this work.

The thin films were deposited by sputter deposition
using a vertical inline pilot scale vacuum coater suitable
for substrate sizes up to 1200 x 600 mm?. All thin films
were prepared using bipolar pulse DC sputtering. The ZrO,
layers were deposited using ceramic rotatable targets with
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power density of 12.5 kW/m. Pure silicon planar targets
with power density of 13.3 kW/m were used for deposition
of the SiO, layers. The reactive gas control of oxygen was
realized using an impedance control loop. The sheet size was
300 x 350 mm?. After deposition, the sheets were cut into
smaller specimens measuring 20 x 120 mm? using a Solid-D
cutting blade (MDI Advanced Processing GmbH).

Two variations of the layer stack, referred to as A and
B, were deposited on two different glass types (1 and 2).
The resulting stacks differed in mechanical thin film stress.
These specimens were tested in the U-shape test with the
coated/cut side under tensile stress. Forty-five-micrometer
polypropylene adhesive tape was attached to the other side
of the specimens to reduce the risk of damage caused by
glass splinters and to allow for analysis of the fracture
patterns after failure. Comparative tests between specimens
with and without adhesive tape have shown that the tape
lowers the critical strength, while the Weibull modulus
of the strength distributions is comparable. Thus, the
strength determined with adhesive tape can be seen as a
lower estimation of the “real” strength. Nevertheless, only
results obtained with comparable adhesive tapes should be
compared. Since neither the glass properties nor the specific
coating properties are the subject of this paper, the results
will only be discussed with respect to the comparison of the
two test methods.

Statistical tests were used to determine differences
between the sample sets tested with the two test methods.
The significance level o was set to 0.05, i.e. the probability
of mistakenly rejecting a true null hypothesis (type I error)
was 5%. Based on the results of the normal distribution tests
(Ryan—Joiner, comparable to Shapiro—Wilk), suitable tests
for variance equality were chosen (Levene, F-test). Then, the
comparison of mean or median values was conducted using
a r-test or a Mann-Whitney test.

05'\\'\0“

20 c’p/'

plate distance: 119 mm

Fig.7 FEM simulation of the U-shape folding test for a
120 x 20 x 0.1 mm® flexible glass specimen. The first principal
stress of the outer tensile fibres (bottom of the specimen) increases
from lighter to darker shading. At a plate distance of 35 mm, contact
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91 mm

Analysis of Mechanical Characteristics

In the following explanations, the term arc position
describes the position on the specimen. On each side, the
outer 5 mm of the 120-mm-long specimen is used for clamp-
ing. Therefore, the arc position ranges from 0 mm to only
110 mm. It can be seen that the maximum stress always
occurs in the middle of the specimen, i.e. at an arc position
of 55 mm (Fig. 7).

Figure 8 displays the estimated maximum stress using
Eq. 1 and the simulated maximum first principal stress as
a function of the plate distance. The figure shows the mean
value of stress at the arc position of 55 mm, i.e. the whole

11 35 121
Estimation using equation (1)
1st principal stress (FEM)l

I
I
plate |
0 contact | no plate contact

0O 20 40 60 80 100 120

Plate distance in mm

Fig.8 Estimated and simulated maximum stress during specimen
deformation in the U-shape test. The maximum plate distance is
121 mm, the minimum distance is 11 mm, and contact is established
at a distance of approximately 35 mm.

33 mm 11 mm

between the specimen and the plate occurs. At 33 mm, first contact is
already established. This position is especially interesting concerning
the stress profile in the specimen.
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axis in the middle of the specimen. In the diagram, the two
phases of deformation, no plate contact and plate contact,
can be clearly distinguished. After an initial steep increase
in maximum stress, stress increases only slightly until plate
contact is established at a plate distance of 35 mm. That
is, during the deformation of the horizontal flat specimen
into the drop shape, maximum stress only reaches about
250 MPa. However, the maximum stress increases sharply
up to 800 MPa at a plate distance less than 35 mm when
plate contact is fully established.

The graph shows an underestimation of the maximum
stress by the evaluation of bending radii from photographs
using Eq. 1. While this underestimation lies in the range of
approximately 50 MPa for the phase without plate contact,
it increases by a factor of 4 for a plate distance of 11 mm. In
general, the discrepancy between estimation and simulation
lies in a reasonable range but increases for small plate
distances.

The discrepancy between estimation and simulation is
partly attributable to the neglecting of transverse effects and
superimposed compressive stresses by Eq. 1. That is, Eq. 1
assumes pure bending while the simulation considers the
complex deformation determined by the varying tilt angle
and the point of establishing contact. Moreover, the FEM
simulation considers stress concentration in the vicinity of
the specimen edges. Stress is slightly higher at the edge of
the specimen, ranging from 8% higher values for a plate
distance of 119 mm to 4% for a plate distance of 11 mm. This
stress concentration is included in the FEM mean value as
displayed in Fig. 8 but is neglected by Eq. 1. Nevertheless, a
part of the deviation could also be attributed to measurement
errors. In particular for small bending radii, frontal imaging
was challenging due to the machine setup, and deviations
from the frontal position may have occurred. Moreover, the
measurement inaccuracy when determining the radii from
the photographs also has an influence, lying in the range of
approximately 1 mm. Considering all possible sources of
error and inaccuracy, the simulation results are preferable to
the estimation for determining the maximum stress from the
plate distance at fracture. Since the maximum stress shows
nonlinear behaviour, nonlinearity is also expected for the
stress distribution in the specimen along its arc length.

The stress profile is highly nonlinear, and the loaded
specimen zone decreases as soon as plate contact is
established. Figure 9 provides the transverse first principal
stress profiles of a flexible glass specimen for three different
plate distances. At a plate distance of 119 mm, no contact is
established. Even though the substrate curvature is concave
and convex at that plate distance (see Fig. 7), a large part
of the specimen is considered stress-free in the diagram.
This is because the first principal stress does not consider
compressive stress. However, considerable stress is present
at the clamping edge (approximately 70 MPa, von Mises

55

800 - Plate distance:
LsLu 700- 119 mm
= — 33 mm
.£ 600 — 11 mm
?
© 500 -
®
< 400 -
2
2300+
S kink '
B 200 - :
L 100-

0 ] T : T T T
0 20 40 60 80 100

Arc position in mm

Fig.9 Resulting first principal stress curve in a specimen at different
plate distances as depicted in Fig. 7. At a plate distance of 119 mm,
there is no plate contact and low stress. At 33 mm plate distance, con-
tact to the side walls is freshly established after the initial contact at a
distance of 35 mm. This is visible as a slight kink in the curve. At a
plate distance of 11 mm, the majority of the specimen is in plate con-
tact, resulting in zero stress in those regions.

stress). Nevertheless, the clamping stress is not relevant for
failure since flexible glass with good edge quality seems
to have minimum strength of approximately 100 MPa.'?
This non-displayed compressive stress is still relevant at
a plate distance of 33 mm. There, plate contact is freshly
established. However, a slight kink in the stress curve is the
only hint of the drastically changing loading conditions. In
contrast, stress clearly peaks for the plate distance of 11 mm
when a considerable portion of the specimen is in plate
contact and thus actually stress-free. This change between no
plate contact and plate contact strongly influences not only
the stress distribution in the specimen but also the resulting
effective volume Vi under tensile load:

v = / o(7)

>0

dv )

where o, describes a reference stress that can be arbitrarily
chosen but is usually set to o,,,,, and m is the Weibull modu-
lus,?? which is a dimensionless parameter used to describe
the form of a specific Weibull distribution. The general
equation of a two-parameter Weibull distribution is given
in Eq. 3, where F is the failure probability and o, the criti-

cal strength, i.e. 63.2% of the distribution.'®

Fo)=1- ) 3)

For calculations in this paper, the effective volume was
converted to the effective length /.4 since the cross-section
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plate
354 contact /,

no plate contact
0 T T T T T
0 20 40 60 80 100 120

Plate distance in mm

Fig. 10 Effective length of a specimen in the U-shape folding test as a
function of the Weibull modulus m of the given strength distribution
of the sample.

of the specimen is constant. Moreover, the maximum stress
Omax Was chosen as the reference stress:

) \"
leff B / <6max> dl (4)

>0

The effective length of a specimen in the U-shape fold-
ing test was calculated based on Eq. 4 using the trapezoidal
rule for numerical integration. The effective length remains
nearly constant in the relevant range of the phase without
plate contact but decreases rapidly when plate contact is
established. The specimen area under load then decreases
rapidly. As shown in Fig. 10, the decrease is nearly linear as
soon as plate contact is established.

Moreover, the effective length of a given specimen
is dependent not only on the test setup but also on the
underlying Weibull distribution of the sample set. For a
low Weibull modulus, i.e. a wide distribution, the effective
length is greater than for a higher Weibull modulus, i.e.
a narrow distribution. This is not surprising, because for
two distributions with equal critical strength but different
Weibull modulus values, the probability of failure at low
stress is higher for the wider distribution than for the narrow
one. In other words, the probability that a crack will lead
to failure when exposed to less than the maximum stress is
higher for a wide distribution with a low Weibull modulus.
It has been shown that the Weibull modulus of flexible glass
strength distribution is usually low, e.g. in the range of 3.

As might be expected, the curve of the effective length for
the U-shape test resembles the curve for a normal two-point
bending test as soon as plate contact is fully established
(Fig. 11). In contrast, the effective length is higher for the
range without plate contact. This is advantageous because
the detection of critical cracks at low failure probability is
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Fig. 11 Comparison of the relative effective length of a specimen as
a function of the relative plate distance in the U-shape test and a two-
point bending test (after Jotz'?) for a Weibull modulus of 3. The spec-
imen size in the two-point bending test was 50 X 20 mm?>.

more likely. In combination with the moderate increase in
maximum stress during this phase (Fig. 8), the resolution
of the U-shape folding test for failure at low probability is
even higher.

The higher effective length compared to a normal two-
point bending test in the phase without plate contact is
caused by the uncommon deformation shape of the flexible
glass in the U-shape folding test. Because of the almost
rigid clamping, the free part of the specimen forms a drop
shape (see Figs. 2 and 7), leading to a stress distribution
where only a small part of the specimen is tensile stress-
free (Fig. 9). This is especially valid for small deformations.
In contrast, in a normal two-point bending test, stress
decreases constantly from the middle of the specimen down
to the bearing points, leading to shorter effective length. In
addition to this theoretical comparison of the two setups,
validation experiments were carried out to compare and
contrast the U-shape folding test and the two-point bending
test.

Experimental Validation

All samples were tested with the cut/coated side under
tensile stress.

For uncoated glass, the distributions determined in the
two test setups were similar. As Fig. 12 illustrates, the data
points lie close to each other. The corresponding test results
are listed in Table I. Unsurprisingly, no significant differ-
ence between the mean values of the two samples could
be detected. However, these data must be interpreted with
caution because of the small number of specimens in the
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Fig. 12 Fracture strength of 100-um uncoated flexible glass as deter-
mined by the U-shape folding test and a two-point bending test.

sample of the two-point bending test. To further investigate
the correlation between test setups, tests of coated samples
were also conducted.

In the case of coated glass samples, most of the distribu-
tions derived from the test setups differed from each other in
position and slope (Fig. 13). In addition, statistically signifi-
cant differences were detected for three out of four samples
(Table I). In the case of variation (b), the p value is at least
close to the significance level. Since only ten specimens per
sample have been analyzed in the two-point bending test, the
significance of the statistical tests is limited.. Due to the high
effort of two-point bending tests, however, analysis of addi-
tional specimens was outside the scope of this paper. In gen-
eral, based on the simulation and the validation experiments,
it seems that the U-shape folding test is an appropriate test
setup for strength testing of flexible glass. However, even

though the U-shape test resembles a two-point bending test
in the plate contact phase, results should not be compared
directly with results from two-point bending tests. Since the
test is conducted using an endurance test machine, fatigue
testing is possible using the same setup.

Outlook: Fatigue Testing of Flexible Glass

Stepwise testing is necessary to investigate the fatigue
behaviour of flexible glass. This is because fatigue testing
of glass is challenging for three main reasons.

1. As already discussed, the strength of glass is statistically
distributed."'

2. Glass fatigue only occurs in a small stress range before
failure.??

3. The Weibull modulus of the strength distribution of
glass objects decreases with a decreasing number and
size of defects.!!

Following from 1 and 2, the fatigue strength of flexible
glass is statistically distributed in the same way as the
“normal” fracture strength. Moreover, the individual strength
values are increasingly scattered with increasing edge length
as well as edge and surface quality of a specimen.

In light of the nature of glass strength and the results of
this paper, the following procedure is proposed for fatigue
testing of flexible glass: In the given setup, ten specimens
can be tested at the same time. Thus, three runs of fatigue
tests are necessary per sample set. In order to keep the time
expenditure low, samples could be tested with 500 cycles
at each load step with a speed between 20 and 30 cycles/
min. First experiments could be conducted with zero-ten-
sion cycles, i.e. with minimum stress of zero. However,

Tab!e I Results of the test N Normal Variance equality Comparison of

statistic to compare.the samples distribution mean/ median

of the U-shape folding test (U) values

with samples tested in a two- U 2-PB 8} 2-PB

point bending test (2-PB)
Uncoated glass 26 10 Yes Yes F-test, p=0.146 t-test, p=0.151
(a) Glass 1+ 30 10 Yes No Levene test, p=0.763 MW test, p=0.044
coating A
(b) Glass 2+ 30 10 Yes No Levene test, p=0.141 MW test, p=0.068
coating A
(c) Glass 1 + 30 10 Yes No Levene test, p=0.382 MW test, p=0.035
coating B
(d) Glass 2+ 30 10 Yes No Levene test, p=0.867 MW test, p=0.002
coating B

Ryan-Joiner tests were used as normal distribution tests. If the test hypothesis could not be rejected, “yes”
is displayed in the table column. “No” indicates a significant deviation from the normal distribution. The
Mann-Whitney test (MW test) compares median values, while the ¢ test compares mean values. Significant
differences between the samples are given in bold. Significance level a=0.05, N=number of specimens.
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Fig. 13 Fracture strength of 100-um coated flexible glass as deter-
mined by the U-shape folding test and a two-point bending test. All
samples were coated with seven-layer antireflective coatings. Sam-

tension—tension cycles might also be suitable.?® After each
load step, the load is increased by a specific amount, e.g.
20-30 MPa. For purposes of comparison, the fracture
strength of the glass should additionally be determined in
the same setup, also with a sample size of at least 30 speci-
mens. Then, by testing the fracture strength of a sample,
conclusions can be drawn about the fatigue behaviour which
requires greater testing effort.

Conclusions

Experimental data and simulation results have shown that
the U-shape folding test is an appropriate test method to
determine the strength of flexible glass. The resolution is
especially suitable for the practically relevant failures at
low fracture probability. Since the test setup allows cyclic
loading without additional effort, fatigue testing of flexible
glass is now possible.

@ Springer

ples: (a) glass 1+ coating variation A, (b) glass 2+ coating variation
A, (c) glass 1+ coating variation B, (d) glass 2+ coating variation B.

It is suggested that stepwise testing be used to find the
very narrow fatigue window of flexible glass samples by
loading the specimens with a certain number of cycles and
then increasing the load by a specific amount. Knowledge
regarding the fatigue behaviour of flexible glass—
especially after coating—will make it possible to determine
suitable processing parameters and thus lower the risk of
fracture during functionalization. This could increase the
attractiveness of flexible glass for applications beyond
foldable displays.
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