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The built environment is under scrutiny to address environmental design challenges by considering a whole-life holistic
approach that seeks reductions in operational emissions whilst simultaneously pursuing reductions in embodied
emissions. Reduced embodied emissions can be found through the responsible sourcing of resources and re-use of
materials in their highest obtainable value. Laminated glass is used widely within the building industry for improving
security and for reducing the risk of human injury from glass fracture. At present, few options exist for the re-use and
high-value re-cycling of laminated glass; it is most commonly disposed of in landfill or down-cycled into aggregate
material due to its low perceived value at end-of-life. Whilst some efforts have been made to separate the poly-vinyl
butyral (PVB) interlayer from glass in the automotive industry, such processes typically involve destructive crushing of
the glass sheets and residual glass that is not at a high enough purity to be considered for re-cycling as cullet for visual
glass applications. A more effective removal of the PVB-interlayer through severing of the PVB-glass interfacial bonds,
would allow flat glass from existing laminated glass panels to be re-conditioned to fulfil the latest functional requirements
in architectural glass. Whilst the temperature and strain rate dependency of the PVB-interlayer material itself has been
well-researched, the fundamental nature of the interfacial bonding between glass and PVB, governed by initial processing,
is not well-understood. This paper presents findings from the latest experimental research that explores methods of
separating 2.9 mm x 100 mm x 150 mm flat glass sheets from a 0.38mm PVB-interlayer for flat glass re-use and/or re-
cycling of glass sheets at their highest obtainable value at end-of-life. A bespoke standardised test has been developed
by the authors inspired by the compressive shear test, to evaluate methods for achieving separation between the interlayer
and glass on a small-scale. Tests were conducted at room temperature to evaluate the effects of varying displacement
rate (0.125mm/min, 0.5mm/min and 1.0mm/min), humidity exposure and the influence of water infiltration along the
bond line. It was found that the influence of humidity-ageing and water infiltration along the glass-interlayer interface
during separation led to a greater proportion of delaminated area compared to the un-aged samples. The greater
proportion of delaminated area was found to be a result of a mixture of the effects of a change in the bulk material
properties of the interlayer and the intrinsic value of interfacial adhesion.
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1. Background

Laminated glass provides the primary function of enhancing safety or security performance of glazing and at the same
time improving the acoustic, UV and durability protection performance in single- and double-glazed units. These
functions are achieved by combining the properties of glass with the properties of a polymeric interlayer. A large
variety of polymer interlayers have been developed including poly-vinyl butyral (PVB), ionomers, ethylene-vinyl
acetate (EVA) and thermoplastic polyurethane (TPU). PVB interlayers account for around 70% of architectural
laminated glass (Martin et al. 2020; Sandén 2015). Flat glass is laminated with PVB via a two-stage autoclave
lamination process at high pressure and high temperature. With an expected lifetime of 25-years and 97% of existing
building stock considered operationally inefficient (BPIE 2017), there is an opening for a large amount of laminated
glass becoming redundant in the coming decades. Industry has made efforts to recover non-laminated flat glass sheets
to glass cullet for internal re-cycling. However, a lack of a fully established collection supply-chain, technical
constraints in clean PVB-glass separation and high standards for visual glass production means that re-use and re-
cycling options for laminated glass do not currently exist. The principle of separating laminated glass for flat glass re-
use relies on clean interfacial separation, sometimes referred to as delamination, between glass and PVB-interlayer.
The understanding and characterisation of the mechanical separation of the rigid glass substrates from the PVB-
interlayer is complex due to the combination of effects from the nature of the viscoelastic material behaviour of PVB
and the rate-dependent nature of interfacial adhesion (Samieian et al. 2019). Therefore, the optimal conditions for
interfacial separation rely on an optimisation of various parameters including; the control of the material properties of
PVB interlayer; prevention of cohesive failure within the PVB interlayer; protection of the rigid glass substrates and;
modification to the interfacial adhesion as such to reduce the stress required to initiate delamination and reduce the
likelihood of glass fracture.
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2. Introduction

2.1. Research Programme

This study forms part of a wider research programme that aims to better address the end-of-life challenges and
opportunities in facade design for re-use. Ongoing research developed by the authors intends to establish the
behavioural barriers and opportunities, quantify the environmental benefits and effectively address the technical
challenges in glass fagade re-use. The use of adhesives and laminated glass forms one key technical challenge in the
goal of component re-use. This study will summarise existing efforts to promote re-use and re-cycling of laminated
glass; outline the existing methods for measuring interfacial adhesion; discuss the known influences of external factors
on interfacial adhesion; explain and describe the development of a new standardised test for evaluating interfacial
separation and; through experimental work, identify the parameters that would help to optimise the process of PVB
interlayer-glass separation at the end-of-life of laminated glass and therefore allow for flat glass re-use.

2.2. Existing Re-use and Re-cycling Potential of Laminated Glass

At present, adding non-separated laminated glass directly back to float glass processing is not considered favourable.
PVB, which constitutes for around 10% of laminated glass sheets, is an organic material and as such bearing a strong
reducing potential if introduced in the glass melting process (Kasper 2006). As such, re-use and re-cycling options for
laminated glass are limited. Some existing efforts have been made to explore the separation of PVB from glass for re-
cycling purposes. Table 1 provides an overview of the existing processes that are either established or in development.

Table 1: Existing methods for re-use and re-cycling of PVB-laminated glass and characterization of re-cycled PVB interlayer.

Output Material Separation Method Reference

Flat glass and 1. Laminated glass subject to heat (Anderson
thermally 2. Glass panes separated in cleavage 2020)
degraded PVB 3. Manual removal of interlayer in peel

Crushed glass and 1. Waste automotive laminated glass is shredded and milled to remove 70% large chunks of glass (Swain et al.

recycled PVB and PVB ‘ S ‘ o 2015)
2. 30% waste fragments are mechanically stirred in an ionic surfactant media followed by separation

by a stainless tell mesh-screening filter

3. Separated glass, residual glass and PVB are dried and weighed

4.  Separated PVB is characterised using various techniques to compare with virgin PVB
Crushed glass and Laminated safety glass is mechanically cracked, followed by chemical separation in alkali water (Tupy et al.
recycled PVB solution at 60°C and final mechanical brushing of glass residues. The recovered PVB properties are 2014)

changed if excess of alkali (>0.5%) is used.

(Acevedo et
al. 2013)

Crushed glass and

recycled PVB Thowei || Eoair
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Fig. 1 Crushed glass recycling process by mechanical cracking (Acevedo et al. 2013).

Crushed glass and 1. Extraction-separation of PVB from glass using mechanical separation which involved crushing (EU 2013)
PVB the glass

2.  Purification of the PVB

3. Processing and characterisation of recovered PVB
Recycled PVB Combined method of selective dissolution and evaporation method in which ethyl acetate is employed (Wang et al.
films as a solvent and decolourising reagent. 2012)
Glass granulate (Hoffman and
cullet and Demski 1999)
secondary-grade
PVB

Fig. 2 Crushed glass recycling process by crushing and water infiltration (Hoffman and Demski 1999).

Recovered PVB has absorbed uncontrolled volumes of water and is contaminated with abrasive glass
particles. Recovered glass granulates can be used as a raw material for glass production. They usually
contain less than 0.1% by weight of PVB.

The main issues arising from the existing processes for recovering glass and PVB from laminated glass are that they



Effects of humidity and the presence of moisture at the bond-line on the interfacial separation of laminated glass for

flat glass re-use
often involve pre-crushing laminated glass leading to the recovery of a re-cycled content of glass cullet and/or PVB
fragments. The existing established process for obtain flat glass sheets involves heating the laminated glass sheets
which will initiate some degradation of the PVB (Anderson 2020). It has been found that recycled PVB can be used
for laminated glass, however, it is greatly dependent on the reprocessing steps undertaken (Carrot et al. 2016).
Recovered PVB can be transformed to secondary products, or burnt, together with other organic residues for energy
recovery.

2.3. Interfacial Adhesion between Glass and Polymer Interlayer

Tupy et al. found that the adhesion between glass and PVB interlayers is based on Van der Waals bonds between the
-OH groups of polymer chain and the -OH groups in glass (Tupy et al. 2013). The characterisation of the interfacial
adhesion between glass and PVB has been investigated via qualitative and quantitative tests with a practical objective
to gather knowledge on impact and post-fracture performance. However, the fundamental understanding surrounding
adhesion between glass and PVB has been researched to a lesser extent. Table 2 details some of the better-established
tests that are well-detailed in the literature for investigating interfacial adhesion. These include the compressive shear
test (Jagota et al. 2000), through-crack tension test, peel test (ASTM 2015) and the pummel test. The peel and pummel
tests were adopted as industry standards partly because of their simplicity and convenience.

Table 2: Existing methods for measuring interfacial adhesion.

Test Method Details Diagram
Compressive  Involves loading a specimen comprising of the %
Shear Test polymer laminated between two rigid substrates in l l l 1‘ l

(CST) combined compression and shear. With increasing
deformation, stress increases up to a critical value at
which the specimen fails in shear at one of the glass-
polymer interfaces. The critical value of stress is taken
as a measure of adhesion and is used routinely to
characterize adhesion. A major advantage of the CSS

test is that it requires no special sample preparation, . o ) ) ) .
making it versatile and suitable for routine use (Jagota Fig. 3 Schematic view of the CST test in which the interlayer in

et al. 2000). between the two glass plates is subjected to both shear and
compression (Jagota et al. 2000).

Through- A uniaxial tension test on a laminated glass in which

crack both glass sides are pre-cracked. This test combines I i F
Tension Test  the actions of the glass/interlayer interface and of the Ly
(TCT) inter-layer rheology. The tension adhesion test is S

useful to give quantitative information on the adhesion
properties of the interface.

Fig. 4 Schematic representation of the Through Crack Tensile Test
sample where the delaminated part of the interlayer is stretched in
between the delamination fronts (Elziére 2016).

Peel Test Measures the practical adhesion which is defined as o
the force or the work required to break the interface
irrespective of the locus of failure. It is highly
reproducible but does not provide a direct measure of Lh
the decohesion energy, but includes the inelastic work FT7777777777777777777
generated from stretching the polymer up from the )
glass surface (Sha et al. 1997). From a practical = £y
standpoint, the peel test only considers the scenario %
that one glass sheet is already detached from the
neighbouring glass-PVB interlayer.

Fig. 5 Configurations of the peel test for different peel angles, a
(Eitner and Rendler 2014; Kinloch and Williams 2002).

Pummel In the pummel test, an interlayer/glass laminate

Test specimen is hit repeatedly with a hammer at -18°C to g
break the glass. Subsequently, the amount of Pummel 3 Pummel 7
remaining glass attached to the interlayer is determined PASS - PASS

by visual inspection relative to a set of industry
standard samples. The standard samples are designated
with corresponding 'pummel' numbers which vary
from 0 (no adhesion; all glass falls off) to 10 (high
adhesion; all glass remains). This test is susceptible to

subjectivity in the pummel number assignment and Fig. 6 Photographs of pummeled glass samples with high adhesion
only semi-quantitative, where incremental changes in PVB showing results in the low (3) to high (7) range acceptable to
bond strength cannot be distinguished. the auto-glass industry (Shawn et al. 2012).

2.4. Influence of Strain Rate and Temperature on Interfacial Adhesion and Delamination

The material properties and behaviour of PVB are well-known to be substantially influenced by strain rate, level of
strain, and temperature of the specimen at the time of testing; it has been characterised as a viscoelastic material that
displays time-dependent nonlinear elastic behaviour (Hooper et al. 2012; Iwasaki et al. 2007; Weller et al. 2005; Zhang
et al. 2015). Further, the ductility of PVB has been found to reduce as strain rate increases (Zhang et al. 2015).
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There is a complex relationship between strain rate, temperature and interfacial adhesion, sometimes referred to as
fracture toughness. Some known factors affecting interfacial adhesion include geometry, strain rate, temperature,
modified mechanical properties of adhesive, intrinsic stress, defect structure, locus of failure (Ferrante et al. 1988).
Existing studies that characterise interfacial adhesion not always decouple the bulk material behavior of PVB from
the intrinsic value of interfacial adhesion between PVB and glass. Any method for initiating interfacial separation will
require control of bulk material properties of the interlayer, intrinsic interfacial adhesion and glass substrate fracture.

Butchart & Overend quantitatively evaluated interfacial adhesion using the TCT method and found that values of
interfacial adhesion varied with rate, however, noted that this was unclear as to the cause of variation was due to
polymer behaviour, interfacial adhesion or a mixture of both (Butchart and Overend 2012). Jagota et al. investigated
interfacial adhesion using the CST method and found that with progressively increasing imposed strain, a crack
nucleates at one polymer/substrate interface at relatively small strains and extends stably with subsequent loading. It
was identified that there exists a critical strain, beyond which, crack growth is unstable, and the interface fails. The
initial intrinsic of adhesion was found to have an effect on whether or not the critical value of stress at failure
corresponds with interfacial adhesion or glass substrate fracture (Jagota et al. 2000; Sha et al. 1997). Further to PVB
displaying a dependency on strain rate, Jagota et al. found that the intrinsic interfacial adhesion, consisting of
contributions from bond rupture and a near-tip process zone, to also be rate-dependent (Jagota et al. 2000). Elziere
analytically and experimentally evaluated a limited intermediate range of temperature and applied velocity in which
the delamination between interlayer and glass is symmetric and steady state in manner during the TCT. In this regime,
the delamination force and strain reach a constant value both in time and space far from the delamination front. At
higher temperatures or lower imposed velocities, the delamination fronts are no longer straight and start to undulate.
Propagation often stops after some time leading to the rupture of the interlayer. At higher velocities or lower
temperatures, even if the delamination occurs as in the steady state delamination regime, the interlayer toughness is
not sufficient which often leads to a brittle fracture of the interlayer. It was suggested that the plateau values reached
by both the delamination force and strain are related to a complex combined effect of the interlayer rheology and of
the adhesion. Further, Elziere suggested that reduction in the interfacial strength leads to a shift of the steady state
delamination regime towards lower temperatures and higher velocities (Elziére 2016).

Samieian et al. found a similar relationship between PVB compliance and adhesion between the glass and PVB layer
when investigating the post-cracked response of laminated glass with response to varying in the range of 0°C to 60°C.
They found that maximum energy absorbed by the cracked laminate was found to occur at a temperature where there
is a balance between the temperature-dependency of adhesion and compliance of the interlayer. At lower temperatures,
greater loads are observed as a result of an increase in the measured value of adhesion and the PVB being stiffer. At
higher temperatures and lower adhesion, the PVB is more compliant. Provided the interlayer is stiff enough to transmit
the loads required to propagate the delaminated front, a greater delaminated PVB length is formed. This results in the
optimum temperature at which maximum energy was dissipated being between the high and low temperature extremes.
Depending on the thickness of the PVB, this optimum temperature was also different (Samieian et al. 2018). Similarly,
Iswaki & Sato found that the mechanism of PVB deformation and crack propagation at the interlayer/glass interface
in high tensile speed is different from that in low tensile speed but the fracture energy and fracture toughness under
the low tensile rates are similar to that under the high tensile rate (Iwasaki and Sato 2006). The reason for this
phenomenon was considered as a result of an offset relation on the fracture toughness, which depends on the stiffness
of the PVB and the critical loads for crack propagation, and the potential energies that depend heavily on the energy
consumed by the deformation of the PVB sheets. Thus, it was found that the fracture toughness increases only a little
with respect to the increase of the tensile speed and the fracture energies are approximately the same in various tensile
speeds (Iwasaki et al. 2007).

The existing literature suggests that there is an optimum temperature and strain rate regime in which delamination
occurs in a steady-state manner. However, this is subject to a range of factors including the existing intrinsic level of
adhesion, behaviour of the PVB interlayer, specimen geometry and testing method. When evaluating these factors, a
distinction must be made between what is commonly referred to as interfacial adhesion or interlayer-glass fracture
toughness and the intrinsic value of adhesion.

2.5. Influence of Humidity and Water Infiltration at the Bond-line on Interfacial Adhesion and Delamination

There have been several works that have evaluated the effect of the wt% of moisture present in PVB interlayer during
the manufacture of laminated glass (Bogatyrev et al. 1981; Froli and Lani 2011; Keller and Mortelmans 1999; Tupy
et al. 2013). Water absorption of PVB pre-processing is found to be a problem because it can reduce the intrinsic
interfacial adhesion between PVB and glass (Weller et al. 2005). Bogatyrev et al. found that adhesion increases
exponentially with a decrease in the moisture content (Bogatyrev et al. 1981). Froli & Lani found that alternating the
storage humidity of PVB foil to 45% and 60% resulted in a 15%-38% reduction in adhesion shear stress as measured
by CST (Froli and Lani 2011).

Humidity and moisture have been found to have similar degradation effects on interfacial adhesion post-processing.
Butchart & Overend investigated the influence of the presence of moisture on adhesion on specimens of PVB
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laminated between a layer of glass and a layer of flexible foil backing. The results show that in the direct presence of
water, the force required to peel the interlayer from the glass was less than half of that recorded under dry conditions
(Butchart and Overend 2013). Chapuis et al. found that the values of shear stress and shear strain for PVB-laminated
glass samples 25 x 25 mm? drop considerably after exposure to damp heat (DH) conditions (85°C/85% relative
humidity) for 70 hours. The peak stress was found to decrease by 50% alongside a 55% reduction in the peak strain.
No plastic deformation was observed in the PVB samples and the elastic stored energy was found to decrease by
almost 80% (Chapuis et al. 2014). Belis et al evaluated the effect of humidity (50°C, 100% relative humidity) for 336
hours on laminated glass samples through CST and found that the adhesion level appeared to be only slightly reduced
and that the stiffness appeared to increase with reference to the shear modulus aty = 0.5 (Belis et al. 2007). Andreozzi
et al found that humidity exposure (50°C, 100% relative humidity) for 809 hours had the effect of softening the
dynamic response of PVB-laminated glass with the dynamic modulus, Go, decreasing with increasing weather time
and some delamination phenomena observed. Andreozzi concluded that further investigations were required to
separately analyse these features (Andreozzi et al. 2015).

2.6. Influence of Glass Fracture on Interfacial Adhesion and Delamination

Nourry found that the fracture of glass during laminated glass impact testing leads to interlayer delamination and
stretching as highlighted in figure 7 (Nourry 2006).

Fig. 7 Localised regions of interlayer stretching as a result of glass substrate fracture during impact testing Elziere adapted from Nourry (Elziére
2016; Nourry 2006).

When investigating interfacial adhesion in compressive shear at high values of interfacial adhesion, there is a high
chance that some glass substrate fracture will occur during loading. Additionally, glass failure at higher stresses can
result in a higher density of glass fragments (Zaccaria and Overend 2012). If glass fracture occurs, it is important to
consider its consequential effects on neighbouring regions of interlayer deformation and delamination.

2.7. Research Aims

The aim of this study is to develop a standardised method inspired by the compressive shear test to evaluate the
parameters that are most effective at initiating full interfacial separation of PVB-interlayer from flat glass sheets for
practical application. The developed test will make use of external parameters including humidity exposure and
moisture infiltration, with known influence on the bulk material properties of the interlayer and the intrinsic interfacial
adhesion, to directly correlate their relationship with interfacial separation. The level of interfacial separation will be
assessed with reference to the peak force and strain at failure, effective shear modulus at y=0.5 and nature of glass
fracture present, under the influence of humidity and moisture infiltration along the bond-line.

3. Methodology

3.1. Sample Preparation

24 samples of annealed float glass laminated with PVB supplied by Kuraray were cut and prepared from a larger
laminated glass sheet. The samples were manufactured to EN12600 / EN1063 / EN1354 and were provided from Saint
Gobain UK. The samples had dimensions of height x width: 100 = 0.50 mm x 150 + 0.50 mm and glass-PVB-glass
thickness: 2.90 mm + 0.05 mm — 0.38mm — 2.90 mm= 0.05 mm. Details of the pre-test conditions of the samples are
given in table 3.

Table 3: Details of pre-test conditions for 24 samples tested.

Displacement Unaged Unaged Unaged Humidity- Humidity- Humidity- Humidity- Humidity-
Rate Aged Aged Aged Aged Aged
0.125 mm/min 342 NH 347_NH 306_H 311_H 312 H 322 H
0.5 mm/min 343 NH 345 NH 348 NH 310 H 320 H 321 H 328 H
1.0 mm/min 344 NH 346_NH 308_H 309 H 324 H 325 H 327_H
0.5 mm/min

(with water
infiltration along
bond-line)

320HW  363HW 364 HW 365 HW
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The humidity-aged samples were exposed to 95% relative humidity at 80°C in an environmental chamber for 504
hours. High temperature increases the water uptake within the PVB interlayer because the diffusion coefficient of
water vapor in PVB becomes larger (Hiilsmann et al. 2009). Before testing, the samples were removed from the
environmental chamber and allowed to cool to room temperature. Samples were tested within no more than one hour
of removal from the environmental chamber.

3.2. Experimental Setup

The laminated glass samples were tested using the testing jig designed by the authors and shown in figure 8 on a
150kN Instron in tension mode under displacement control. The applied force on the bottom face of substrate X,
shown in figure 8(a,b) leads to an equal reactive force on the top face of the substrate Y, resulting in a shear
deformation of the interlayer. The side faces of the laminated glass samples were unconfined. Horizontal displacement
of the outer steel box-sections is constrained by roller bearings to ensure that lateral stresses that arise internally will
be transferred to shear stress. Displacement was measured using an external laser to ensure that only the relative
displacement between the two glass sheets was recorded. Rotation of the jig during testing was neglected due to its
negligible effect.

F, Force

Rigid outer
& steel casing

Roller

- -(/ ——

Sample

&
z
=
= =
N =
ﬁ
z 3
=) £
&

5

7

SUBSTRATE Y: SIDE FACE

FVB: SIDE EDGE

——
Steel

100.00 mm + 0.50 mm

Measured laser attachment
displacement fixed to outer E!
slecl casing 6.28 mm = Tap / Bottom face
—Y_or—® —— Reflective tape 0.10 mm )
Surface face Attachment to
Instron
‘ Side face . .
F, Force g
a) b) c)

Fig. 8 Experimental set up a) Side view schematic of laminated glass separation testing jig b) Orientation of glass sample in testing jig c)
Labelled photograph of testing jig attached to 150kN Instron containing laminated glass sample post-test with side faces unconstrained.

Depending on the intrinsic level of interfacial adhesion, increasing displacement leads to some degree of axial
compressive stresses within the glass substrate. The resulting axial strain can be considered equal and negligible in
the value for relative displacement. The axial compressive stresses along the height of the glass substrate induce
transverse tensile stresses due to Poisson’s ratio effect (vgass = 0.22). Increasing displacement induces a shear stress
within the PVB interlayer and shear stress along the interlayer-glass interface. Assuming a linear variation of the
lateral displacements the average shear stress and resulting shear strain in the interlayer at small displacements is
defined as:

shear force F
average shear stress, 1= =— (1)
area of the surface face of sample A
. lateral displacement measured by laser  d
average shear strain, y = ? Y =2 (2)

thickness of PVB t

Due to the nature of the experimental set up, the samples can continue to withstand increasing displacement despite
glass fracture. Therefore, the effective area changes during loading due to glass fracture. As such, the value for shear
strength sometimes referred to as the effective interfacial adhesion, will not been calculated within this study. Shear
modulus values will be evaluated and compared at small strains (y=0.5). The samples were loaded under displacement
control at varied displacement rates until the force dropped by 80% the test was manually suspended due to the authors
observing of a relatively large load drop followed by a sustained plateau in the load which was attributed to stepwise
crushing of the glass substrate at a rather than shear deformation of the interlayer.

3.3. Water Infiltration

In order to supply water to the bond line of the samples, an external water pump was set up to provide a continuous
constant supply of water of 500ml/minute to the interface of one edge of the laminated glass samples as shown in
figure 9.
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Fig. 9 a) Side view schematic of water-soaked laminated glass samples during testing b) Photograph of water pump set-up on Instron.

3.4. Testing Procedure and Observations

During testing, aural observations were made to listen for glass fracture. The side faces of the samples were visually
monitored to note any observations of outward displacement of the glass substrates.

3.5. Post-Test Evaluation

A red dye penetrant was applied to the samples after testing to highlight regions of delamination between the glass
and interlayer. Photographs were taken before and after a dye penetrant had been applied to allow visual observations
of the extent of glass fracture and regions of interfacial separation.

4, Results and Discussion

4.1. Failure

In all samples, what will be referred to as failure, occurred at some peak force as a result of; fracture of glass to an
extent that leads to the loss in engagement of the samples and a reduction in their load-bearing capacity and, in some
cases, interfacial separation between the glass and PVB-interlayer, initiated by glass fracture. There was no evidence
for cohesive failure within the interlayer in any of the samples tested.

4.2. Force-Displacement Response

The force-displacement curves for all samples at 0.125mm/min, 0.5mm/min and 1.0mm/min for non-aged, humidity-
aged and humidity-aged with bond-line water soaking are shown in figure 10. All samples reached a peak force, after
which there was a sudden drop in load, or a small drop in load followed by a plateau region at which displacement
progressed at the same load, followed by a sudden drop in load.

100 100

+343 NH

4345 NH
70 348 NH
+342_NH i
60 + 347 NH 3
=) 10671:1 320 H
% 50 : e 3 321 H
+3 =
£ B 328 H
s S2H = 3290 WS H
3 H = o
30 - 363 WS H
s 364 WS H
20 : 365 WS H
10 24 =
0
0 05 1 L5 2 25 3 0 05 1 15 2 25 3
Laser Displacement (mm) Laser Displacement (mm)

a) b)
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<)

Fig. 10 Force-displacement curves for samples tested at displacement rate a) 0.125 mm/min b) 0.5 mm/min ¢) 1.0 mm/min.

The sudden drop in load-bearing capacity of the samples was found to be a result of combination of glass fracture and
interfacial separation between the PVB interlayer and glass leading to a loss of sample engagement.

Table 4: Mean values for shear modulus, peak force and displacement at peak force for samples tested at 0.125mm/min, 0.5mm/min and

1.0mm/min.
Displacement Rate 0.125 mm/min 0.5 mm/min 1.0 mm/min
Pre-Test Condition Non-Aged Humid Non-Aged Humid Water Soak Non-Aged Humid
Mean (MPa) 0.43+0.20 0.24+0.05 0.54+0.13 0.10+0.05 0.17+0.12 0.79+0.23 0.12+0.06
Shear
Modulus at Mean (As %
¥=0.5 of Non- - 56% - 18% 31% - 16%
aged)
Mean (kN) 54.61£38.39  47.02+8.60  53.19+42.27  40.87+1.17 19.44+6.21  60.72£19.50  41.92+6.99
Mean (As %
- - 0, _ 0, 0 _ 0,
Peak Force at 0211331 77% 62% 37% 69%
Failure &
Max Value
(As % of - 51% - 46% 28% - 70%
Non-aged)
Mean (mm) 1.13£0.06 1.48+0.17 1.23+0.37 1.55+0.23 1.23+0.32 0.89+0.03 1.52+0.31
Mean (As %
. of Non- - 132% - 126% 100% - 169%
Displacement d)
at Peak Force age
Max Value
(As % of - 149% - 118% 116% - 210%
Non-aged)

The shear modulus at y=0.5 for non-aged samples, highlighted in table 4, are shown to increase with increasing strain
rate and are in the same order of magnitude as existing literature providing some validation for the testing jig developed
within this work (Hana et al. 2017). Humidity influences the shear modulus at y=0.5 by a reduction of 44%, 82% and
84% for 0.125mm/min, 0.5mm/min and 1.0mm/min displacement rate respectively. Based on the force-displacement
curves alone, it is unclear as to whether the reduction in stiffness for humidity-aged samples is a consequence of
humidity effecting the shear modulus of the interlayer or; because of a reduction in the intrinsic interfacial adhesive
stiffness. The bond-line water-soaked samples show slightly higher values of shear modulus than the non-water-
soaked samples which had undergone the same humidity-ageing process.

Sample 348 did not fail; the test was stopped early to assess the fracture pattern before the peak load was reached, and
therefore was not included in calculations for the peak force at failure shown in table 4. The peak force reached across
the samples for the humidity-aged samples showed a reduction of on average 23%, 38% and 31% reduction and 49%,
54% and 30% reduction as taken from the maximum peak force value reached amongst all samples within the
0.125mm/min, 0.5mm/min and 1.0mm/min displacement rates respectively. Samples 329 WS H and 365 WS H
exhibit a non-zero plateau in the force for increasing displacement after the peak force is reached providing some
evidence for progressive stable crack growth and interfacial separation, before the sample failing through glass fracture
occurring to an extent that results in a loss of the sample load-bearing capacity. The higher loads expressed for the
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non-aged samples suggest that the intrinsic value for interfacial adhesion is much higher in the non-aged samples. If

the glass were able to separate from the interlayer, as would be the case for lower values of intrinsic interfacial

adhesion, the samples would lose their ability to transmit loads to the interlayer, and therefore fail. However, we see

the non-aged samples can maintain their structural integrity at higher loads, despite glass fracture during loading.

The associated displacement at failure was 32%, 26% and 69% higher for the humidity-aged samples than for non-
aged samples at 0.125mm/min, 0.5mm/min and 1.0mm/min respectively. As such, based on the force-displacement
curves alone, it is not clear as to whether the humidity-aged samples are failing due to due to the intrinsic value of
adhesive strength being reduced and therefore allowing that the samples to lose their ability to transmit load to the
interlayer at lower loads through interfacial separation initiated by glass fracture, or, due to the bulk material properties
of the interlayer behaving in a less stiff manner, and therefore allowing for the critical strain for crack growth along
the interface to be met more easily.

4.3. Effects of Humidity and Water Infiltration on Interfacial Separation

Figure 11 provides a surface view for substrates X and Y for all 24 post-fractured laminated glass samples before and
after a dye had been allowed to penetrate the regions of interfacial separation.
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Fig. 11 a) Orientation of sample in jig b) Surface view of samples post-test, before and after dye infiltration at 0.12 Smm/min c) Surface view
of samples post-test, before and after dye infiltration at 0.5 mm/min d) Surface view of samples post-test, before and after dye infiltration at
1.0 mm/min.

There was no clear correlation between the level of interfacial separation observed and the different displacement
rates within each test pre-condition. However, humidity was shown to have a significant effect on the interfacial
separation observed at all displacement rates tested. This is a result of: a change in the bulk material properties of the
interlayer in terms of reduced stiffness and therefore the interface experiencing a lower relative load with increasing
displacement allowing some critical strain for interfacial separation to be met or, reduced intrinsic interfacial adhesive

strength leading to glass fracture initiated interfacial separation or, a mixture of both effects.

Sample 348 NH did not exhibit a load drop; the test was stopped to assess the fracture pattern before the peak force
is reached. It is evident that despite some glass fracture occurring during loading before the peak force is reached, the
sample is still able to provide load-resistance. Humidity can be seen to have a more dominant effect on reducing the
intrinsic value of adhesion on observation of samples 343 NH and 348 NH in figure 11(c). Both samples reach similar
levels of strain at peak force as samples 320 H and 328 H, yet samples 343 NH and 348 NH, show a low proportion
of interfacial separation. This would suggest that in the instance of no humidity, the intrinsic interfacial adhesion is
much higher and therefore, when the glass fractures during loading, it remains attached to the interlayer.

The force-displacement curves for the humidity-aged water-soaked samples in figure 10 exhibited similar stiffnesses
but a reduction in the peak force and corresponding strain to failure compared to non-water-soaked samples. The
proportion of delaminated area in the water-soaked samples was similar to that of the non-water-soaked samples but
reach a much lower peak force. This indicates that the water soak has a mixed effect on the intrinsic level of adhesion,
the interfacial stress distribution and/or the bulk material properties of the interlayer. In samples 363 H W, 364 H W,
and 365 H W, there is some evidence for internal wrinkling of the interlayer. At the point of failure, despite a high %
of delamination present across the samples, there is not clean separation of one glass sheet from another and the
external edge glass fractures that delaminated cleanly in the humidity-aged samples, were still part bonded to the
interlayer. This suggests that that the water soak may create a further non-uniformity in the stress distribution at the
PVB-glass interface.

4.4. Interfacial Separation Overview

Two methods of interfacial separation were considered in the observation of the dyed laminated glass samples post-
test: 1.) interfacial separation initiated by glass fracture governed by the intrinsic adhesive strength and ii.) interfacial
separation that occurred as a consequence of peeling of the interlayer from one glass substrate at the edge of the glass-
interlayer contact under deformation leading to inducing a crack initiation and further growth at the interface leading
to a permanent slip along the effected edge.
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4.5. Interfacial Separation Initiated by Glass Fracture

In all cases, the glass substrates display a complex and highly fragmented fracture pattern. In the non-aged samples,
no correlation can be drawn between the influence of glass fracture on initiating delamination as there are very few
visible regions of interfacial separation. This is consistent with the force-displacement curves that show that the
samples can withstand much higher loads; despite glass fracture with increasing displacement, the glass substrates are
still able to transmit loads to the interlayer and retain their structural integrity under the test conditions. This further
suggests that the non-aged samples exhibit a relatively higher value of intrinsic interfacial adhesion. There is some
evidence to show that a higher force at failure corresponds with a greater density of glass fragments in the non-aged
samples when correlating the peak force at failure with the observed fracture pattern between 342 NH and 347 NH
(0.125mm/min) and 343 NH and 345 NH (0.5mm/min) as shown in figure 12(b). Samples 342 NH and 343 NH
failed at much higher loads than samples 347 NH and 345 NH.
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Fig. 12 Surface view of substrate X and Y for humidity-aged laminated glass samples post-test a) Orientation of sample in jig b) Surface view
of selection of samples post-test that highlights the different density of glass fragments at different loads c) Surface view of a selection of
samples post-test that highlights how the glass fracture patterns correspond with delamination.
Cracks that develop within the humidity-aged samples during loading are shown to influence the regions that
eventually delaminate. Clean interfacial separation tends to follow the glass fracture pattern. Interfacial separation in
the regions of glass fracture in which the delamination is concentrated along the outside side edges of the pane is
likely due to the combined effects of longitudinal tensile cracks that follow the full height of the samples due to the
effect of Poisson’s ratio and glass-fracture induced interfacial separation along these regions as shown in samples
322 H and 324 H in figure 12(c).

Following with the correlation between glass fracture and interfacial separation, it can be seen from the samples shown
in figure 12(c), it can be seen in the regions of no interfacial separation, there is a crack around the perimeter of the
region. The side faces of the glass substrates are free to expand due to the configuration of the testing jig and as such
longitudinal cracks that form can freely initiate interfacial separation. Samples 311 _H, 322 H and 328 H exhibit less
delamination in the presence of transverse cracks. Meanwhile, sample 324 H exhibits a large area of interfacial
separation and exhibits few transverse cracks in the region of interfacial separation.

The regions that show no dye penetrant suggest that glass fracture occurred in the perimeters of these regions during
loading in a similar manner to that suggested in figure 13.
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Fig. 13 Effects of glass fracture on interlayer confinement and deformation highlighting regions of interlayer stress relaxation and stretching
correlating to regions of glass fracture within the interlayer.

Similar to the influence of glass fracture on interlayer stretching during impact loading proposed by Nourry, the
formation of transverse cracks could introduce regions of interlayer relaxation with increasing displacement (Nourry
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20006). Internal transverse glass fracture would mean that the affected regions of glass are no longer able to transmit
loads to the interlayer during deformation and internal interlayer stretching will occur.

4.6. Interfacial Separation Initiated by Interfacial Cracks

Some regions of permanent slip of one glass substrate relative to the other were observed within the humidity-aged
samples as highlighted in figure 14. This provides evidence of delamination initiated by a longitudinal interfacial
crack growth along the glass-polymer interface at the top edge on the opposite edge of the loaded glass edge. Edge-
dominated failure could be a result of a peak in the stress distribution along the top and bottom edges of the glass
substrates as a result of shear lag (Volkersen 1938).

Substrate X: Top face edge
$ A, permanent slip
i Substrate Y: Bottom face edge

. Substrate X: Top face edge
: A, permanent slip
Substrate Y: Bottom face edge

--: Substrate X: Top face edge
$ A, permanent slip

: Substrate Y: Bottom face edge

Top / Bottom face

a) b)

Fig. 14 a) Orientation of sample in jig b) Post-dyed surface view of sample showing top edge of glass substrate (X or Y) misaligned with
bottom edge of neighbouring glass substrate (X or Y) for humidity-aged samples 312 (0.125mm/min), 325 (1.0mm/min), 328 (0.5mm/min).
Delamination between the top of one substrate and the interlayer leads to a permanent slip, A, of the substrates relative
to one another. With increasing displacement, the interlayer that is still engaged with the glass can stretch leading to
internal wrinkling of the polymer interlayer within the central region of the structure, where the interlayer is still

engaged with the glass.

5. Conclusions

The aim of this research was to make steps to identify the key parameters that effect delamination of the PVB-glass
interface. The intention is to use this knowledge to ease separation at end-of-life and enable re-use or high-value re-
cycling of flat glass. As such the research described in this paper, describes a new method for separating laminated
glass in shear and investigates the effect of humidity and water infiltration on delamination of PVB interlayer from
glass with the aim of achieving delamination with minimal glass fracture and clean separation along the full area of
the glass sheet. Due to glass substrate fracture, it is not possible to accurately quantify the interfacial adhesion based
on the current set of experimental findings. However, useful conclusions can be drawn on the following effects on
delamination of PVB-interlayer from glass in compressive shear:

e  The values of shear modulus at y=0.5 for non-aged samples are shown to increase with increasing strain rate
and are in the same order of magnitude as existing literature providing validation for the testing jig. [42]

e Force-displacement curves shown in figure 10 and post-fracture evaluation highlighted in figure 11 for
samples that reach similar levels of strain in the same displacement range show an increase in the level of
interfacial separation for humidity-aged samples providing evidence for a reduction in the intrinsic value of
interfacial adhesion.

e  Water infiltration at the interface causes a further reduction in the peak force and corresponding displacement
at failure, albeit with similar levels of interfacial separation present as with humidity-aged samples.

e Glass fracture can initiate interfacial separation. The nature of glass fracture in terms of fragment size and
directions of cracks relative to the loading direction will influence the effective area and subsequently regions
of delamination at failure. The presence of transverse glass cracks can reduce the level of interfacial
separation at failure.

e Observations of permanent relative slip between the glass panes and internal wrinkling provides some
evidence of delamination initiated by a peak in the interfacial stress distribution along the horizontal top
edges of the samples leading to the formation of interfacial cracks along the glass-polymer interface.
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e Internal wrinkling suggests that some internal regions of interlayer were freely able to stretch and absorb the
energy in the system after neighbouring delamination has occurred.

6. Future Work

Existing literature looks to quantify the behaviour of laminated glass as one system that accounts for the effects of
bulk material behaviour of the PVB interlayer and behaviour at the glass-PVB interface. As previously suggested, it
must be considered that there is a complex interplay between interlayer bulk material behaviour and the intrinsic value
for interfacial adhesion. Some complex analysis is required to evaluate the work done to separate the viscoelastic PVB
interlayer from the glass pane. In the context of existing post-processed laminated glass panels, modification to the
level of adhesion requires a balance of the control of external parameters that when modified are likely to affect the
bulk properties of the interlayer material behaviour as well as the intrinsic value for interfacial adhesion. Future work
will look to better understand the delamination phenomena between PVB-interlayer and glass and its response to strain
rate and temperature; build on the existing method of using humidity and water infiltration to reduce the intrinsic level
of adhesion to allow peak force to coincide with interfacial crack propagation and delamination; evaluate the critical
strain at which a crack nucleates from one polymer/substrate interface and; experimentally and analytically evaluate
methods of achieving steady-state delamination and clean interfacial separation. The contributing effects of glass
fracture means that it is not possible to associate interfacial failure with the maximum shear strength. To better
characterise the effects of the external influences used in this study, it will be necessary to procure higher strength
glass, ideally toughened glass, and/or protect the glass edges in some way to decouple the effects of glass fracture
from bulk material behaviour and interfacial delamination. Later work will exploit any optimised parameters to return
to testing annealed glass and evaluate the effects of size when considering scaling up the sample size with the overall
aim of achieving delamination with minimal glass fracture and clean separation along the full area of the glass sheet.
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