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Abstract: The science of thermal and chemical treatment of glass is well
documented. The Laminated Glass (LG) is usually not treated as either
treated glass is used during production or lower melting temperature of
interlayer does not allow the treatment. The present work reports the novel
methods of thermo-chemical treatment of LG having annealed soda lime
glass plies. Five thermo-chemical treatments were performed on LG using
different salts (Potassium Nitrate Carbohydrazide, Lithium Nitride), via clay
coating (saturated with salts), using fused silica wafer coated with a thin
graphene layer and utilizing the microwave heating. The bending strength is
measured before and after thermo-chemical treatment using Q-set coupled
bending tester (following the ASTM D790-03). The linear elastic model is
utilized for obtaining normal stress and deformation at fracture load using
ANSYS 14.5. The bending strength of thermo-chemical treated LG sample
was found significantly higher than untreated LG in the most cases. The
fracture pattern of the treated LG was also modified compared to the
untreated LG as impurities and defects were reduced during treatment. The
mechanics of increased bending strength and modified fracture is also
discussed with reference to the effects of thermo-chemical treatment of LG,
however, the need of a specialized numerical method that can effectively
model the implications of treatment on LG and multiple fractures experienced
by the LG during testing are suggested as future work.
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Introduction

The higher strength and designed fracture pattern will
enhance capabilities of LG as protective glass in
automotive and structural applications. The thermal
treatment includes heating the glass above its transition
temperature (564 to 620°C) followed by rapid cooling by
forced air drafts. The chemical treatment includes the
exchange of sodium ion with potassium ions from the
glass surface. The new ways of thermal treatment are
attempted and reported (U.S. Patent Number 5882370;
5743931; 5858047; 5022908; 5352263; 5079931;
5078774; 5059233; 5066320; 5057138) using tunnel
type furnaces. Most of them have reported an
incremental heating inside tunnel while glass is moving
on the conveyor or similar arrangements. However, such
an arrangement suffers from a consequence that the
temperature of the upper side and lower side of the glass
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has different temperature either due to rollers, support
mechanism or otherwise (US Patent Number 6408649).
That results in deterioration of the surface and optical
quality of the glass. Additionally, the major problem
with many of the thermal treatment method results due
to increasing the heating rate to be kept lower from room
temperature to the softening temperature or else cracking
can occur; the different temperature at different zones in
the glass may also result cracking due to internal thermal
stresses in the glass. The localized heating methods were
also tried (U.S. Patent Number 5591245; 5755845) with
an aid of expensive modification in the furnaces. The
attempts were made to keep the size of furnace smaller
by creating separate chamber inside the furnace or
transferring glass to different section as the temperature
of the glass reaches to 450°C. The glass was heated after
450 to 900°C (U.S. Patent Number 5232482) or 1000°C
(U.S. Patent Number 5306324) using powerful electric
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or gas heater; microwave energy was also utilized (U.S.
Patent Number 4838915; 5656053) for heating of glass
after 420 - 450°C. To overcome the problem of non-
uniform heating with an objective of keeping heating
time and furnace length short attempts were made by
combining hot air and infrared heating (U.S. Patent
Number 5368624) designed heating devices (U.S. Patent
Number 6005230) and using roller heat in furnace (U.S.
Patent Number 4591374). Still, there is a need for a
method that can reduce the heating time and length of
the furnace but ensure rapid heating at contracted,
localized places on the glass. The microwave heaters
were also proposed to achieve the stated objective (U.S.
Patent Number 5828042), however, without changing
the properties of glass reducing temperature differential
throughout the thickness of the glass is challenging. The
tempering method considered qualified if the surface
compressive strength of glass exceeds 100 MPa; higher
surface compressive stress results-in smaller glass
particles when fractured by reducing microscopic surface
cracks and putting resistance to the propagation of cracks.
The reason why surface compressive stress increases can
be understood by Fig. 1; The surface cools first during air
quenching, hotter molten glass at core once solidify put
surfaces in compression and core in tension. The analysis
of the thermal tempering process for different application
of glasses is discussed in (Zhang et al., 2014; Shao et al.,
2014; Koike et al., 2012; Loch and Krause, 2002; Soules
et al., 1987, Aben and Guillermet, 1993; Kuske and
Robertson, 1974; Shepard et al., 2003; Brodland and
Dolovich,  2000;  Moynihan et al, 1976;
Narayanaswamy, 1971; Tool, 1976; Narayanaswamy,
1978; Nielsen et al., 2010; ABAQUS, 2002; Arrazola
and Ozel, 2010; Bao-Wei et al., 2016a; Deng and
Murakawa, 2006). The effect of tempering of glass is
discussed during blast condition (Zhang et al., 2014),
fire condition (Shao et al., 2014) and on the hardness
(Koike et al., 2012). The numerical modelling for stress
and structural relaxation is discussed in (Koike et al.,
2012; Soules et al., 1987; Shepard et al., 2003; Brodland
and Dolovich, 2000; Moynihan et al, 1976;
Narayanaswamy, 1971; Tool, 1976; Narayanaswamy,
1978; Nielsen et al., 2010; ABAQUS, 2002).

The chemical strengthening of alkali-containing glass
is routed via an ion-exchange process in which small
ions (sodium) are replaced with larger ions (Potassium)
putting surface of the glass in compression and core at
tension. Fig. 2 demonstrates the process of chemical
tempering of glass and resulting SEM micrographs &
fracture pattern. The chemical tempering results in
higher compression at surface thus larger strengthening,
compression depth is smaller, better optical quality, but
costlier than conventional thermal tempering. The
analysis of the chemical tempering process for different
application of glasses is discussed in (Arrazola and Ozel,
2010; Bao-Wei et al., 2016a; Deng and Murakawa,
2006; Boubakera et al., 2014; Bao-Wei et al., 2016b;
Varshneya and Kreski, 2012; Mazzoldi et al., 2013;
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Green, 2008; Varshneya, 2010a; Karlsson et al., 2010;
Gy, 2008; Varshneya, 2010b; 2016; Xiangchen er al.,
1986; Araujo et al., 2003; Fu and Mauro, 2013; Sglavo
et al., 2014; Sglavo, 2015; Varshneya and Spinelli, 2009;
Saunders and Kubichan, 1969; Shelestak et al., 2005).
The structure-property relationship depends on each
network former and modifier, chemical composition
along with the thermal history of glass (Kolitsch and
Richter, 1980; Hevesy, 1928; Frischat, 1975; Cormier et
al., 2000; Du and Stebbins, 2005; Wu and Stebbins,
2010; Zheng et al., 2012a). Thus, the surface
modification and fracture design are the functions of
structure-property relationship and efforts are made for
numerical modeling of structure-property relationship
with the help of topological constraint theory (Zheng et
al., 2012b; Smedskjaer et al., 2013; Wu and Stebbins,
2013; Smedskjaer et al., 2010a). However, there is no
universal model available to predict bounding
preferences and bound energy parameters for obtaining
desired fracture pattern of glass. The structural origins of
an alkali and the alkaline earth effects in glasses
(Smedskjaer et al., 2010b; 2011; Mauro, 2011), the
optimum potential energy functions explaining inter-
atomic bonding (Maass, 1998; Greaves, 1998), atomic
scale  simulation to predict structure-property
relationship and thermal histories and controlling
nucleation and crystal growth through the glass
chemistry are few unanswered questions that can help in
devising the method for surface and fracture pattern
modification of glass and LG.

The LG can’t be treated by usual thermal or chemical
treatment methods or not even treated generally due to
the melting temperature of the interlayer is quite low and
treatment of the glass can be performed before the
lamination process. But the challenges like, LG
treatment during operating conditions to increase the life
of LG component, fracture pattern modification to
improve the post breakage response of LG and
strengthening LG for making it better protective material
for defence, structural and automotive applications
generates the requirement of treatment of LG. The
treatment of LG during operating condition is the
requirement of the day. In this direction, very few
authors have reported significant contributions. Li et al.
(2013) have reported the effect of etching on the glass
surface using hydrofluoric acid for organic—inorganic
LG with Polyurethane (PU) as an adhesive interlayer. It
was found that acidic etching treatment for half-an-hour
increases the bounding strength and fracture stress
without affecting transparency or haze (Li et al., 2013).
Alhazov and Zussman have reported the use of carbon
nanotube embedded with polymer interlayer for
increasing the impact strength; impact strength was
increased but the transparency of LG was decreased
(Alhazov and Zussman, 2012). Tsujioka et al. (2012)
have used sol-gel transition silicate gel for the treatment
of glass fabric in laminate and found significant
improvement in fracture toughness and fracture pattern.
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Fig. 2: Chemical tempering of glass and resulting SEM micrographs and fracture pattern

Based on the literature review, the methods of surface
treatment produced favourable results were examined.
The microwave baking (applied successfully for
treatment of glass by number of cited authors), dip-
coating of LG with sol-gel (most popular method for
coating with some customization required for LG
coating), clay coating (clay with salts was applied on LG
before thermal treatment to avoid the effect of moisture
on interlayer and better possible absorption of salts by
LG surface) and dip coating with localized rapid heating
method of LG (following successful application of this
method in the cited literature for glass ) was performed
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and the bending strength of three LG samples of each
type was evaluated. The treatment method would have
an added advantage if that can be employed in operating
LG component to encounter sub-critical growth of cracks
during aging, the roughness of the edges during
operation, the stress corrosion and the stress
concentration. The description of LG and fracture of LG
is discussed in (Vedrtnam and Pawar, 2017a; 2013;
2017b; 2017c; Sharma et al., 2017; Vedrtnam and
Pawar, 2017d). The mechanical properties of the LG are
often determined by bending tests (along with impact
and blast performance), due to its significance in
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structural and other applications of LG (Vedrtnam and
Pawar, 2017a; 2013; 2017b; 2017¢; Sharma et al., 2017;
Vedrtnam and Pawar, 2017d; 2018; 2017¢; Vedrtnam,
2018; Hooper, 1973; Behr et al., 1993; Edel, 1997,
Norville et al., 1998; Asik and Tezcan, 2005;
Serafinaviciusa et al., 2013; Louter et al., 2012; Belis et al.,
2009; Seshadri et al., 2002; Biolzi et al., 2010; Ivanov,
2006; Shelton and Mauro, 2010; Calderone et al., 2009;
Serafinavicius ef al., 2013; Galuppi and Carfagni, 2014;
Pickett et al., 2004). The LG samples with 5 mm thick
glass plates with an interlayer of PVB of 1.52 mm
thickness were prepared using the autoclave. The LG
samples were treated before evaluating the bending
strength using Q-set coupled bending tester following
the ASTM D790-03 (ASTM C158 or C1499 or ISO
1288 may also be wused). FE simulation of
experimentation is performed using the linear elastic
model of ANSYS 14.5 software module. The results of
simulation and experimentation were compared.

Materials and Methods

The LG samples were prepared by combining two
annealed glass beams of thickness 5 mm each with an
inter-layer (PVB) of 1.52 mm thicknesses in between.
The chemical composition (wt. %) of the glass used for
experimentation includes SiO, 74, Na,O 13%, CaO
10.5%, MgO 0.2%, AL,O; 1.3%, K,0 0.3%, SO3 0.2%,
Fe203 0.04% and TiO2 0.01. The glass transition
temperature of the glasses used in the experimentation is
between 570-580°C.

The surface treatment of LG was performed using the
combination of different methods: chemical etching, thin
coating technique, cladding, microwave baking, dip-
coating of glass with sol-gel, dip coating with localized
heating and dip coating with microwave baking.
However, the major constraint during LG treatment was
the temperature of PVB interlayer should be lower than
140°C or if the higher temperature is considered for
treatment then the melted/ jelly formed inter-layer should
not flow so the methods were modified accordingly. The
compressive stress of the glass surface was evaluated
using strain scope.

The first method used for the LG treatment includes
preparation of a mixture of Potassium Nitrate (5 gm) and
Carbohydrazide (2.5 gm) with 150 ml. water. The
mixture was prepared at room temperature using the
stirrer (120 RPM for 20 min); once the powders were
fully dissolved in water the LG sample was dipped into
the solution (LG sample was sealed off at the edges
before dipping in the solution). Further, the covered
glass beaker containing LG sample with the solution was
kept in an oven at 500°C (adiabatic temperature obtained
using HSC-Chemistry) for the ON-OFF cycle of 5-3 min
for 1 h. After 1 h solution was kept for 1 h at a
temperature of 120°C. 50% of the samples were having
bubbles due to the melting of the interlayer. The dipped
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LG samples were kept horizontal into the solution have
resulted in no bubbles. It was tried in the experimentation
that the PVB interlayer even if melt, do not flow within or
outside LG; horizontally kept samples have produced
comparatively desired results. A ceramic fiber cloth
acquired from the local source (easily withstand
temperature up to 600°C) was used for wrapping the
boundaries having interlayer tightly so that PVB does not
flow outside LG. The chemical equation demonstrating
the material phases during the reaction of Potassium
nitrate and Carbohydrazide is given by Equation 1:

8KNO, (solid) +5CHN,0 (sol[d) =4 K,0(aqueous)

+5C02(gas)+l4 Nz(gas)+15 H,0 (l[qu[d) M
In the second method, Lithium Nitride (LiNOs) was
used instead of KNO; as the melting point of Lithium
Nitride is quite low (255°C) than KNO;, at the same
time effective ion radius of Li" (0.760 nm) and mobility
is higher and minimum penetration time is (20 min) is
lower than KNO;. The temperature of the oven, in this
case, is kept 270°C; bubbling was not reported in any of
the LG samples. The consequences of these methods
include once the water evaporates, the steam starts
pushing the cover violently; however, thicker and
stronger beaker and cover overcome this difficulty.

The third attempted method includes clay coating
(saturated with salts) of LG sample. In this method the
LG samples were first cleaned using ionized water, the
similar mixture of salts and water was prepared as
before, further 7 gm of clay was mixed into the salts-
water mixture until homogeneous thick mixture is
obtained. The LG surfaces were coated with the clay-salts-
water mixture and boundaries were tightly covered by
ceramic fiber cloth. The wrapped coated LG sample was
kept in the oven for 1 h at 500°C. Once the LG sample was
cooled in the oven, the clay was cleaned up from be LG
sample surface and later the cleaned LG samples were kept
in the oven for baking at 100°C for half-an-hour.

The fourth method for LG treatment utilized
localized rapid heating method suggested by Li et al.
(2015). A little modification to the suggested method
was made by utilizing the fused silica wafer coated with
a thin graphene layer to heat the clay coated surface of
the LG. However, the result obtained by Li ef al. (2015)
could not be reproduced as the substrate was different in
this case. However, some success was observed with the
method of localized heating of glass suggested in US
patent number 8816252 B2, in which eclectically
conductive heating element was utilized to produced a
localized heating effect on the surface of the glass. The
results of the later method (US patent number 8816252
B2) used for localized heating of LG surface are
discussed in the present work.

Finally, microwave (with a power of 1000 W) baking
(as the fifth method) was tried for the ion exchange
process for LG samples. The method requires 15-20 min
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for the treatment of LG surface. The LG sample was
prepared and coated with water-salts-clay mixture, the
boundaries of LG sample was tightly wrapped with
ceramic fiber cloth. Further, the sample was kept
horizontally into the microwave for 10 min, 2 min
continuously ON and 15 sec OFF (the cycle time was
determined after many experimental runs). After 10 min
of microwave baking and cooling inside the microwave,
the sample was taken out and dried clay was cleaned
from the sample with acetone. The sample was kept in
the oven at 100°C for 20 min for further drying out. The
focus of present work is to increase the load bearing
ability of LG with the thermo-chemical treatment. The
detailed study on effects of each method on LG surface
(including the depth profile of K+ (Method 1) or Li+
(Method 2)) and an interface between PVB and glasses
could be considered as the future work for better
understanding of the mechanics of each treatment
method. The compressive stress of the LG surface was
varied from 200 to 600 MPa.

In the present work, bending test of eighteen LG
samples (of six different types- three untreated and
three treated LG samples with each of the five
methods) was performed in accordance with ASTM
D790-03. The LG samples (after finishing operation at
the edges) of 184.32x40x11.52 mm” were placed on
two supports at corners, a force is applied at the center
of the samples and the resulting displacements were

Stirrer

recorded. The test was performed at the ambient
temperature. As per the standard, the test is completed
if the specimen reaches 5% deflection of the thickness
or fractured before it. In the present work, all the LG
samples were fractured before reaching the 5% of
deflection. Fig. 3 shows the experimental set ups used
for sample preparation and bending test.

The results of experimentation were compared with
the simulation (using ANSYS 14.5) results. The linear
elastic model was used; the properties of glass, PVB, the
material model and simulation method used are similar
as used in (Vedrtnam and Pawar, 2017a; 2017b; 2017c;
Sharma et al., 2017; Vedrtnam and Pawar, 2017d). The
flexural behavior of LG-PVB samples was simulated
using FE linear elastic model in ANSYS 14.5 (for three-
point bending test). The results of experimentation were
complimented by the FE simulation. The pattern of total
displacements of LG samples was observed at the
fracture loads for explaining the fracture pattern of the
LGs. The material properties of the glass and inter-layers
are taken from the manufacturer’s data table (Vedrtnam
and Pawar, 2017a;2013; 2017b; 2017c).

Glass PVB
Young’s modulus [N/mm?] 70,000 220
Poisson ratio [—] 0.23 0.495
Density [kg/m’] 2500 1100

/

Fig. 3: Experimental set ups for sample preparation and bending test
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The simulation was performed considering the
experimental set-ups; three-point bending experimental
set-up and loading condition were also simulated
assuming the similar boundary and the loading condition
as used in experimentation. During three-point bending
simulation, it was considered that LG is simply
supported at the corners and load (line) is applied at the
center. The simulation was performed for untreated
samples. The fine mesh having tetrahedron elements
(number of nodes 25872, number of elements 5966) was
used. The grid refinement study has not reported
significant changes in the results. The simulation
considering the effect of treatment methods on LG is
considered as the future scope. The effect of treatment
can be simulated using ANSYS by introducing the
compressive stresses on the surface of LG in advance
before the application of bending load.

Results and Discussion

Table 1 show the results obtained from the testing
of 18 samples including 3 untreated samples and 15
treated samples (3 samples from each treatment
method). The maximum deformation at the fracture
load and the maximum normal stress at the fracture
load obtained by the numerical simulation are also
reported. The results of the numerical model presented
in Table 1 are explained and compared with the
experimental results in the later section. Table 1, Fig. 4
collectively show the loads at the fracture, the
deformations (during experimentation), deformations
(from the numerical model), normal stresses (from the
numerical model), force-extension curves and
photographs of untreated fractured samples. Sample 1
has the least fracture load, deformation and the normal
stress out of three tested untreated samples. The load-
extension diagram of the sample 1 shows that around
220 N load and 0.6 mm extension the first fracture
occurred as the cracks are generated across the width in
the lower glass plate near the mid-span region and the
force decreases suddenly, then the load drops at
negligible extension up to 150 N the force further
increases and reaches up to a maximum value of 274 N,
then the upper glass plate cracks then load again
decreases rapidly. The zone of fracture is spread around
the mid-region of the sample for 35 mm, multiple
cracks and nonuniform fracture is visible in the
photograph of the first sample. The second untreated
sample has 19.41% higher load at fracture than sample
1 whereas, the maximum deformation is 4.44% higher.
The load-extension curve of sample 2 indicates that the
load almost linearly increases with an extension up to
340 N, at which the fracture occurred first in lower
glass plate around mid-span region than the force goes
down sharply to a value around 250 N, further the
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sample start taking load and at around 255 N the upper
glass plate also observe fracture. The fracture pattern
and the region of fracture is similar to sample 1,
however, the fracture zone is 2 mm shorter in sample 2.
Sample 3 has 21.11% higher load at fracture than
sample 1, the maximum deformation experienced is
also the highest in the sample 3. The load-extension
extension curve shows the multiple fractures, the load
rises with the extension to the maximum value of 343
N at which the fracture at lower glass plate occurred.
The load then sharply dropped to a value of 200 N,
further it raises to a value of 230 N, then it drops a bit
and final fracture is reported at 300 N and 1.27 mm
extension. The fracture zone is more towards the left
side of mid-span region, possibly due to the presence of
the defect in that region. LGs do not have grains or
long-range order expect in the interlayers. The micro-
structural barriers (second phase particles or grain
boundaries during fracture at the surfaces of LG) are
also not present in LG so pre-existing or newly-
initiated cracks are not arrested locally, that result-in
easy initiation and propagation of the crack in LG. The
cracks in LG initiate from defects (voids), surface flaws
such as polishing scratches, shear bends and boundary
defects. The bending loading induces the micro-
structural damage and further failure of LG; however,
LGs are seldom designed based on optimized
microstructures for bending strength. It is stated in the
literature that fracture behavior of glass can be
explained by free volume theory (however this theory
explains fracture of bulk metallic glasses) (Liu et al.,
2009). Since the fracture initiation is controlled by
local atomic arrangements and free volume shear
bends, boundary defects (crack) propagation can
happen at much lower load during bending loading in
LG. The crack growth in LG could also be also
explained using Paris power law equation (applicable
for bulk metallic glasses and composites) as reported in
(Gilbert et al., 1999). For window glass, Griffith flaws
at the surfaces and edges are generally the basis of
fracture. Further, the fractured surface during the
experiment showed that the bending-crack-growth-
region has the distinct striations. The striations
formation in LGs could be due to blunting and re-
sharpening during bending. The model has reported in
the literature states that the crack-propagation rate is
directly proportional to the range of crack-tip-opening
displacement (Gilbert et al., 1999). But in LG, there is
a non-uniform crack extension which result-in larger
striation spacing. At the crack tip, the small plastic
zone is formed and further, many crack branches are
developed from that zone and after that crack
propagates in the favourable direction and LG fails
very quickly as the stress intensity factor reaches the
fracture toughness of LG.
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Fig. 4: Untreated samples: Force (N) Vs Extension (mm) diagram and fractured samples

Table 1: Results of 3-Point bending test

Experimentation Simulation
Method No. F(N) D(mm) D(mm) Normal stress (MPa)
Untreated 1 274 0.86 0.07 7.69
2 340 0.90 0.08 8.32
3 343 1.27 0.08 8.39
1 1 450 1.22 0.11 11.98
2 391 1.35 0.09 9.22
3 340 0.95 0.08 8.32
2 1 390 1.82 0.09 9.22
2 590 2.52 0.18 14.17
3 595 2.48 0.19 14.20
3 1 444 1.50 0.10 11.86
2 261 1.18 0.07 7.16
3 450 1.52 0.11 11.98
4 1 340 1.58 0.08 8.32
2 344 1.38 0.08 8.38
3 430 1.29 0.07 11.52
5 1 550 2.40 0.13 13.39
2 441 1.90 0.11 11.77
3 540 2.40 0.12 13.07

The result obtained from testing of untreated LG
samples shows that the maximum load variation before
the fracture is from 343 N to 274 N and the deflection
varies from 1.27 mm to 0.86 mm. The variation obtained
is due to the non-uniform behavior of glass that depends
on surface (crack) and edge defect, non-uniformity of the
chemical composition, the duration of the loading,
characteristics of glass manufacturing techniques
(including annealing, environmental parameters), the
geometry production, cutting, storage and transportation
of the sample, which requires further intensive
investigation (Min'ko and Vladimir, 2013).

The results obtained from the testing of LG samples
treated by method 1 (Table 1) and show that the
maximum load before the fracture varies from 450 N to
340 N and the deflection varies from 1.35 mm to 0.95
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mm. The maximum load withstands by treated samples
by method 1 is higher at an average from untreated LG
samples. Figure 5 demonstrates the load-extension
curves obtained from the testing of treated LG samples
(by method 1). The curves clearly show that the load-
extension curves are having variation in maximum
fracture load and deflection for different samples of the
same type. The curve for sample 1 shows that the force
increases and reaches up to a maximum value of 450 N,
then a crack is generated across the width in the lower
glass plate near the mid-span region and the force
decreases suddenly. It is observed from the curve that the
force again increases slightly and when the upper glass
plate cracks then it decreases rapidly. In the sample no. 1
the maximum deflection is 1.22 mm. The fracture zone
in the first treated sample is shorter than the untreated
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samples one side it is just 7 mm and another side it is 24
mm around the mid-span region. The load-extension
curve of sample 2 shows that the force increases and
goes up to a value of 305 N than at this point a crack is
generated in the lower glass plate and the force decreases
rapidly up to a value of 150 N. The load further rises to
the maximum value of 450 N before fracture. In the
sample no. 2 the maximum deflection is 1.35 mm. The
fracture zone in sample 2 is wider than the sample 1 and
similar on both sides of the sample. The load-extension
curve of sample 3 shows that the maximum load and
deflection are 340 N and 0.95 mm respectively. The
cracks are generated near the mid-span region and the
cracks are not very dense in the sample no. 3. However,
the one side of the sample has the widest zone of fracture
and the fracture lines are concentrated on the other side
of the sample. The bending strength, deformation is higher
and fracture zone is shorter in the treated samples when
compared to untreated samples; the reason for same is the
reduced defects in samples and higher compressive
strength of the surface of LG. It is expected that ion
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exchange and sample refinement due to treatments leads
to improved bending strength of the LG samples.

Figure 6 demonstrates the load-extension curves
obtained from the testing LG samples treated by the
method 2. The curves reflect that fracture pattern,
maximum load at fracture and the deflection are
considerably different compared to the untreated and
treated samples by method 1. The maximum load
variation before the fracture is from 390 N to 595 N and
the deflection varies from 1.82 mm to 2.52 mm. The
load-extension curve of sample no. 1 reflects that the
force increases and reaches up to a value of 348 N, then
after a crack is generated across the width in the lower
glass plate near the mid-span region and the force
suddenly drops to 210 N. Further, the force again started
increasing and reaches to a maximum value of 390 N at
which the sample is completely fractured. In the sample
no. 1 the maximum deflection is 1.82 mm. The fracture
zone of the first sample is shortest and at the mid-span
region of the sample where the load was applied.
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Fig. 5: Treated samples (Method 1): Force (N) Vs Extension (mm) diagram and fractured samples
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The load-extension curve of sample no. 2 reflects that
the force increases and goes up to a value of 443.5 N,
when a crack is generated in the lower glass plate and the
force decreases rapidly to a value of 270 N and then
increases up to a value of 450N at which one additional
small fracture is visible. The force drops slightly and
further increases to the maximum value of 590 N and the
maximum deflection reaches 2.52 mm. Sample 2 has
wider fracture zone sprayed for 42 mm in the mid region.
The load-extension curve of sample no. 3 reports
fractures at 300 N, 440 N and finally, at the maximum
load 593 N. The deflection at the maximum load was
2.48 mm. The fracture zone of sample 3 is widest and
sprayed to 59 mm around mid-region. The treated
samples from method 2 have 42.35% higher maximum
load at fracture than the untreated samples while 24.36%
higher maximum load at fracture than the samples
treated with method 1. In general, the higher strength
leads to the lower deformation but the trend reported
from LG suggest otherwise as the data is reported while
samples have experienced multiple fractures and also the
fracture of LG sample depends on impurities, cracks,
boundary and surface defects, chemical composition of
glass and interlayer, the method of preparation of glass,
interlayers and LG, type of glass and the method of
treatment of LG. As it is observed that LG samples
treated with 2™ method have the higher strength at an
average than method 1, this may be due to LiNO; was
used in method 2 instead of KNO; the lower melting
point of LiNO;, higher effective ion radius of Li" (0.760
nm), mobility and lesser minimum penetration time than
KNO; causes effective thermo-chemical reaction in
method 2. Thus, the method 2 is preferable over method
las method 2 handles the constraints of treatment of LG
(like a lower melting point of the interlayer and avoiding
the flow of the interlayer) in a better manner. It is also
observed generally that the LG samples that are having
wider fracture zone have sustained higher load before
fracture; this is due to wider fracture zone represents
multiple fractures that require an additional load.
However, this explanation is not sufficient as a few
exceptions are also reported during experimentation. It
requires further intensive investigation for establishing
an acceptable relation/explanation for load before
fracture, deformation and the spread of fracture zone
for LG during bending test. This estimation could be
useful for protective structures and other structural
applications where LG is used.

Figure 7 demonstrates the results obtained from the
testing of LG samples treated with method 3. The
maximum load variation before the fracture is from 261
N to 444 N and the deflection varies from 1.18 to 1.52
mm. The load-extension curves indicated the similar
pattern as indicated by the LG treated from method 2,
however, the maximum fracture load before fracture at
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an average is lesser in this case. The load-extension
curve of sample no. 1 reflects that the force increases and
reaches up to 255 N, when a crack is generated across
the width in the lower glass plate near the mid-span
(similar to the previous fracture patterns) and the force
decreases. After that, the upper glass plate again resisted
load, the force again increases; four fractures are visible
at 250 N, 247 N, 322 N and finally at 444 N in the load-
extension curve. In the sample no. 1, the maximum
deflection is 1.5 mm. Sample 1 is having extended
fracture zone, the fracture is also reported a little far
from the mid-span region (as shown in Fig. 7); that may
be due to preexisting crack or any defect at that place.
The load-extension curve of sample no. 2 shows that the
force increases and goes to a value of 220 N, the crack is
generated in the lower glass plate and the force decreases
and then again increases rapidly and reaches up to 240
N, further, two more fractures are witnessed by the load-
extension curve. The final fracture has occurred at 261 N
and the deflection at that point is 1.76 mm. the fracture
zone of sample 2 is 32% shorter than sample 1. The
load-extension curve of sample no. 3 shows that the
force increases and reaches a value of 350 N and then at
this point a crack is generated across the width in the
lower glass beam and force decreases slightly and goes
to a value of 340 N. The force further increases rapidly
and goes up to a maximum value of 450 N at which final
fracture is reported. In the sample no. 3 the maximum
deflection is 1.52 mm. Sample no. 3 is having less dense
but multiple fractures across the length of the sample
around the mid-span region, which clearly showed the
presence of pre-existing cracks, defects or impurities in
LG sample. Thus, it can be concluded that clay coating
method (method 3) improves the LG performance but its
effect are not uniform throughout the LG and impurities
and defects remained in LG samples after this treatment.
However, future studies suggesting modifications in the
method of application of clay and modifications in this
method may make it a potential process for treatment as
the strength in sample 1 and sample 3 is increased
substantially using this method.

Figure 8 demonstrates the results obtained from the
testing of LG samples treated with method 4. The
maximum load variation before the fracture is from 340
N to 430 N and the deflection varies from 1.29 mm to
1.58 mm in the LG samples treated with method 4. The
load-extension curve of sample no. 1 indicates that the
force increases and reaches up to a value of 320 N at
which crack is generated across the width in the lower
glass beam near the mid-span region (as in most of the
earlier cases). It is followed by two subsequent fractures
as reflected by the curve, the force again started
increasing slightly and reaches to a value of 230 N
before the second fracture. Further, it decreases slightly
and then increases rapidly and goes to a maximum value
of 340 N at which upper glass ply experience the
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breakage in and around the middle span of the sample at
which the maximum deflection is 1.58 mm. The fracture
of the LG sample is visible at 3 different locations; that
shows the presence of the pre-existing crack, defect or
impurity. The load-extension curve of sample no. 2
indicates that force increases and goes up to value of 305
N then at this point a crack is generated in the lower
glass plate followed by one more fracture at the
maximum force 344 N. The sample no. 2 has least
extended fracture zone, however, an additional fracture
is also observed at right side of the mid-span region; that
shows presence of defect/impurity/crack in that region.
In the sample no. 2 the maximum deflection is 1.16 mm.
The load-extension curve of sample no. 3 indicates that
the force increases and goes up to the value of 370 N
then at this point a crack is generated in the lower glass
plate and the force decreases rapidly. Later, the force
further increases and goes to a value of 365 N, then
again it decreases slightly and then increases and goes up
to a maximum value of 435.5 N. In the sample no. 3 the
maximum deflection is 1.48 mm.
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Figure 9 demonstrates the results obtained from the
testing of 11.52 mm thick LG-PVB samples treated with
the method 5. The maximum load variation before the
fracture is from 441 N to 550 N and the deflection varies
from 1.9 mm to 2.4 mm in the LG samples treated with
method 5. The load-extension curve of sample no. 1
shows that the force increases and reaches up to a
maximum value of 435 N then a crack is generated in the
regular manner as given before in the lower glass plate,
this fracture is followed by one more fracture at 450 N
followed by the final fracture at 550 N with the
maximum deflection of 2.4 mm. The fracture zone is
shorted and the fracture pattern is comparatively uniform
for samplel. The load-extension curve of sample no. 2
shows that the force increases and goes to a value of 405
N at which a crack is generated in the lower glass beam
and the force decreases and then again increases rapidly
and reaches a maximum value of 441 N at a maximum
deflection of 1.9 mm. The fracture pattern is similar to
sample 1; however, a crack far from the mid-span region
can be noticed in sample 2.
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Fig. 7: Treated samples (Method 3): Force (N) Vs extension (mm) diagram and fractured samples
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The load-extension curve of sample no. 3 shows similar
behavior as shown by the load-extension curve of sample
no. | but with the maximum load of 540 N and the
deflection of 2.4 mm (same as in sample 1). The fracture
zone is shorter in the 3™ sample as well. Thus, it can be
concluded safely that the microwave baking has shown
good results as bending strength is significantly
improved and fracture pattern is also modified. Overall,
the method 2 and the method 5 have shown the better
results and have significant potential to be used as the
treatment method of LG. It is also worth mentioning that
the maximum tensile stress is always found right in the
middle of the sample on the bottom side and that is exactly
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where crack initiation is expected. The reason, why
the first crack in the glass may deviate from that
position in the experiments is the natural distribution
of Griffith flaws on the surfaces and (more
importantly for these specimens) edge flaws in LG
specimens. Figure 10a represents the final fracture loads
for untreated and treated samples by the all five methods.
Fig. 10a clearly reflects the superiority of method 2 and
method 5 over other treatment methods. Figure 10b
represents load at which the Ist fracture (could be
correlated with the strength of LG due to the compressive
stresses introduced due to treatment on the surface of LG)
has occurred in the treated and untreated samples.
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Fig. 9: Treated samples (Method 5): Force (N) Vs Extension (mm) diagram and fractured samples
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Fig. 10: (a) Final fracture load (b) Load at 1st fracture of LG samples
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Fig. 11: Variation from mean values of deflection in experimentation and simulation (a) Without error correction (b) With error correction

The Fig. 10b shows that the methods 1, 2 and 5 improve
the load bearing ability of LG before the first fracture.
However, the maximum load (modulus of rupture) of LG
after each treatment is affected not only by properties of
glass treated but also by properties of the interface
between PVB and glasses. The method 2 and 5 resulted
significant improvement in the post Ist fracture
performance of LG. Of course, edge effects also affect
the strength value, thus, the Ring-on-Ring or Ball-on-
Ring test could be performed in future to evaluate the
strength of LG without the influence of the edges. To
study the response of treated glass during fire condition
will also be interesting and considered as future work
(Bedon, 2017; Zhang and Bedon, 2017).

FE Simulation Results

ANSYS 14.5 software is used to obtain deflection
and stresses at the various loads at which the various
specimens fractured during experiments. The FE
simulation results are also shown in Table 1. The result
obtained from software simulation clearly indicates that
the deflections obtained experimentally are considerably
larger than the software results. The reason for same is
that the results obtain from experiments shows deflection
when specimens have experienced multiple fractures and
also fracture of the glass quite often have differentiation
when simulated with software results. The physical in-
homogeneity in the glass is also the reason of same,
which is resulted due to the transition of glass from the
viscous to the brittle condition taking place at a different
rate in different parts of the glass. This type of in-
homogeneity is connected with the structural changes. In
general, it can be considered as a thumb rule for glasses
that the simulation results of the unbroken case can never
match to the data obtained during experimentation from

a broken sample; still, a comparison is presented for
observing the similarity in trends of experimental and
simulation results. The Fig. 11a shows the variation of
the deflection obtained from the mean value of
experimental and simulation results of LG respectively
treated from all the methods. It is clearly reflected in Fig.
I1a that the numerical and experimental results have
some variation; however, the trend is considerably
similar. The reason of variation is that the multipurpose
numerical algorithm used in the present work could not
follow the effect of treatment on the LG surface and a
highly devoted specialized numerical algorithm is
required for each treatment method to capture the actual
behavior of LG after treatment from a particular method.
The development of numerical simulation algorithm that
can capture the effect of treatment accurately can be
considered as future work. There is also a need for
numerical the method that could simulate the multiple
fractures experienced by LG during bending or any other
loading condition. Figure 11b shows the comparison of
experimental and numerical results. The Fig. 11b reflects
a good match between experimental and simulation
results. The Fig. 11b was made considering an error
factor of 24.82 (a constant value) which is multiplied by
the value of deflection obtained from simulation results.
The value of error factor is calculated based on the
difference between the mean values of deflection in
simulation and experimentation. The corrected values of
deflection obtained from the simulation have visibly the
same trend as obtained in the experimentation. A better
error estimate (may be considered as future work) can be
introduced during the constitution of a specialized
numerical model for the discussed problem. It can be
concluded from Fig. 11b that trend followed by the
experimental results is a good match to the trend
followed by the simulation output.
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Fig. 12: Sample simulation output: Normal stress at 261.66N
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Fig. 13: Sample simulation output: Total deformation at 444 N

Table 2: Results of regression analysis

Regression statistices

Multiple R 0.873313
R Square 0.762676
Adjusted R
Square 0.747843
Standard
Error 50.63621
Observations 18
ANOVA

df SS MS F
Regression 1 1318379 1318379 51.41831
Residual 16 41024.41 2564.026
Total 17 172862.3

Standard

Cofficients  Error t Stat P-value
Intercept 163.8415 37.31897 4.390301 0.000456
X variable 1 160.0229 22.31635 7.170656 2.23E-06

Significance F

2.23E-0

Lower 95% Upper 95%  Lower 95.0%  Upper 95.0%
84.72884 2429542 84.72884 242.9542
112.7143 207.3314 112.7143 207.3314

Figure 12 and 13 show the sample simulation
output reflecting the distribution of normal stress at
261.66N and total deformation at 444 N throughout
the LG sample respectively. The deflection at the
center of the glass plate is 0.10931 mm (maximum) at
a load of 444 N shown by the red colour and the
deflection is 0 mm (least) at the edges shown by blue
colour. The resulting values of deflection at first
fracture of samples from experiments is 15-35%
greater than that obtained by the software results, that
can be considered as a good match for LG samples.

The variation of the normal stress is 7.16 to 14.20.
The variation in the normal stress and total deformation
obtained by the simulation can be correlated.

Regression analysis is conducted for the validation
and description of experimental results. Table 2 show
the results obtained from the regression analysis.
Table 2 shows that the P value of experimental results
are much below 0.05, so the error is within
considerable limits. The noted residues reflect that
data obtained is normally distributed and also
qualifies the pencil thickness test on plotting.
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Conclusion

The present work includes five methods of treatment
of LG samples. The method 2 and the method 5 have
shown a good response as a considerable increment in
bending strength of LG samples is noticed. The usability
of the treatment methods could be increased if the
method can be employed for operating part made by LG.
The presented methods have the potential for
modification to be used for the operating parts by LG.
However, an additional approach, functional coating
(highly hydrophobic coating) could be also a way to
avoid sub-critical growth of cracks during aging, the
stress corrosion and the stress concentration.

It was found that the treatment method significantly
affects the strength of LG. The treatment method that
includes LiNOj instead of KNO; during chemical treatment
has shown better results due to a lower melting point of
LiNOs. The microwave baking with the chemical treatment
is also proved a potential method for improving the bending
behaviour of LG. The fracture of LG during bending test
shows that the crack is initially generated in the lower glass
plate and not at the middle of the LG plate where actual
loading was done but it generates near to that point. The
surface composition and surface residual stresses may be
evaluated in future work after each treatment method for
better understanding of the mechanism of strengthening of
LG. The crack patterns on two glass plates nearly overlap,
the fracture in lower glass plate is followed by upper glass
plate on increasing load in a quite similar manner. The
regression analysis showed that the error during
experimentation is within considerable limits. The higher
average load is sustained by the LG sample but with larger
average deformation. The results of present work reflected
that the experimentation, analytical modeling, the FE
simulation along with the use of the statistical techniques
give conclusive results for designing the LG structures. It
was also noticed that there is a strong requirement of the
highly specialized numerical algorithms that can model
the effect of treatment method on LG effectively. A
numerical algorithm that can model multiple fractures
experienced by the LG during bending and another
loading effectively is also required for predicting the
performance of LG during protective and structural
applications. It would be interesting to know the effect of
treatment on impact behavior of LG.
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