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In general, we look for a new law by the following process: first, we guess it. . . . If it
disagrees with experiments, it’s wrong. In that simple statement is the key to science. It
doesn’t make any difference how beautiful your guess is, it doesn’t make any difference how
smart you are, who made the guess, or what his name is. If it disagrees with experiments,
it’s wrong. That is all there is to it. Richard Feynman
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Résumé

Nous avons exploré la cinétique de dissolution ou croissance de bulles dans des polymères
induite par variation de température en utilisant le verre feuilleté comme système modèle.
Ce dernier est un assemblage multicouche comprenant un film polymère mince et hygro-
scopique (typiquement, du polyvinyl-butyral ou PVB) pris en ”sandwich” entre deux
couches de verre. Ce matériau composite garantit qu’en cas de bris, les éclats de verre
restent collés à la feuille de polymère intermédiaire. Ainsi, le verre feuilleté améliore la
résistance à l’effraction ou protège les individus contre des projectiles de verre potentielle-
ment mortels lors d’une collision automobile. Il est donc très utilisé en construction ou
dans les pare-brise des voitures. Cependant, il est courant d’observer des bulles dans cet
assemblage. Ces dernières qui nuisent à la transparence du matériau, peuvent apparâıtre
au cours des procédés de production, des tests de qualité haute température ou d’une
utilisation normale. Elles sont généralement associées à une sursaturation en air.

Dans cette thèse, nous avons développé un dispositif expérimental transparent pour re-
produire - à l’échelle du laboratoire - l’une des principales étapes de production du verre
feuilleté, à savoir l’autoclavage à haute température (140°C). Ce montage permet de suivre
la dissolution et la croissance de poches de gaz ou bulles dans des échantillons constitués
de verre/PVB/verre lorsqu’ils sont soumis à des variations de température. Nous avons
identifié que les solubilités de l’air et de l’eau dans le polymère varient différemment avec
la température : lorsque la température augmente, la solubilité de l’eau décroit entrâınant
la croissance des bulles tandis que celle de l’air favorise leur dissolution car sa solubilité
augmente. Dans le cas spécifique de l’eau, nous avons détaillé le lien entre structure
chimique du polymère et propriétés de transport de masse.

La cinétique de croissance des poches de gaz ou bulles est plus complexe que ce que
suggère cette analyse thermodynamique simple. Elle peut être non monotone et fortement
influencée par la rhéologie de la couche polymère. L’étude rhéologique du PVB à haute
température révèle que celui-ci se comporte à temps longs comme un fluide de Maxwell,
et non comme un solide de Maxwell contrairement à une hypothèse largement répandue
de la littérature. Les constantes temps-température, ainsi que les temps caractéristiques
du polymère dans ses états vitreux, caoutchoutique ou fondu sont également donnés. La
rhéologie et capacité à former des bulles de formulations polymériques autres que celle du
polymère PVB standard a également été étudiée. Fort de ces éléments, nous proposons
un modèle caractérisant la cinétique de croissance de bulles non isothermes dans du PVB
standard. Ce modèle tient compte de la nature des deux gaz, de la taille finie du système,
ainsi que du comportement viscoélastique complexe de la couche intermédiaire polymère.
La comparaison entre modèle et expériences met en exergue les points suivants. Tout
d’abord, la croissance des bulles est influencée par les taille et composition initiales des
bulles, la température maximale atteinte et la quantité de gaz dissous dans le polymère.
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Dans certains cas, nous observons des flux de masse contraires à ceux prédits par les
variations de solubilité. Ces déplacements d’équilibres chimiques sont induits par le
confinement des deux espèces dans une même bulle dont le volume fini est susceptible
de varier à cause de l’élasticité du polymère. Ensuite, dans les assemblages de verre
finis, l’un ou l’autre des gaz peut conduire à la formation de bulles à haute température
selon la taille initiale des nucleus, la présence de pollutions (fibres ou poussières), ou la
sursaturation initiale.
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Abstract

In this work, we investigate the dissolution or growth of bubbles in polymeric systems
driven by means of temperature variations. In this regard, laminated safety glass serves
as an inspiration. The latter is a multi-layered assembly reminiscent of a sandwich and
includes a thin, hygroscopic, polymeric film (typically, polyvinyl butyral-PVB) positioned
in between two layers of float glass. The assembly, guarantees that, if broken, glass shards
remain bonded to the polymeric interlayer. As a result, it improves resistance to breaking
and entering, but also protects individuals from life-threatening projectiles during a car
collision and is thus widely used in the façade of buildings or in the windshields of cars.
However, it is common to observe bubbles in laminated glass. These bubbles, which
are anathema to the beautiful appearance of glass, can occur during production, quality
testing at high temperatures or during normal operation and are typically associated with
air oversaturation.

During the thesis, an experimental transparent setup was developed to reproduce one
of the main steps involved in the production of safety glass at the laboratory scale, i.e.,
autoclaving at high temperatures (140°C). The setup allows tracking the dissolution or
growth of interfacial gases (gas pockets) or bubbles in glass/PVB/glass samples (or in
otherwise transparent samples) when subjected to variations in temperature. We identify
that air and water vapour follow distinct thermodynamic paths in terms of solubility with
increasing temperature. As a result, water vapor leads to bubble growth while air favours
dissolution. For the specific case of water, we dive deeper into the polymer chemistry
and its relationship to mass transport properties.

Contrary to the simple thermodynamic picture, the observed kinetic behaviour of gas
pockets/bubbles is highly non-monotonic and is strongly influenced by the rheology of
the interlayer. For the latter part, a high-temperature mechanical characterization is
provided that identifies this polymer as a Maxwell fluid at long timescales, contrary to the
widely held assumption of a Maxwell solid. Time-temperature superposition constants,
as well polymer characteristic times that delineate the glassy, rubbery, and melt states
are further provided. Additional blends of the base PVB polymer were investigated in
terms of rheology and bubbling behaviour. A non-isothermal kinetic bubble model is
then proposed for standard PVB addressing the nature of the two gases, the finiteness
of the system, as well as the complex viscoelastic behaviour of the polymeric interlayer.
The comparison between the model and experiments highlights the following points.
First, bubble growth is impacted by initial bubble size, maximum temperature, as well
as initial bubble composition, and amount of dissolved gas in the polymer. Then, the
gases, by virtue of their shared flexible enclosing volume, can potentially affect each
other’s chemical equilibrium, thereby forcing mass flows in opposition to their solubility
preference. Moreover, in finished glass assemblies, either gas, depending on initial nuclei
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size, presence of pollution (fibres or dust), or initial oversaturation, can lead to bubble
formation at high temperatures.
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Chapter 1

Introduction

This thesis deals with the growth and dissolution of bubbles in confined polymeric ma-
terials induced by temperature changes. In the 1950s, Epstein & Plesset [1] provided
the basic framework for bubble dissolution or growth in simple liquids induced by gas
diffusion. In here, the driving force comprises the break of thermodynamic equilibrium
between the gas concentration at the bubble’s interface cs, given by Henry’s law, com-
pared to the amount of gas initially dissolved in the liquid’s bulk ci. A bubble grows when
ci > cs, is ideally stationary as long as ci = cs, and dissolves whenever ci < cs. Each case
is identified by the terms oversaturation, saturation, and undersaturation respectively.
As an example, rapid decompression of liquids—as experienced when celebrating with a
Champagne bottle (ci/cs ≈ 5)—forces gases to flow from the liquid bulk to pre-existent
gas nuclei in the serving glass [2]. An analogous situation, albeit in a more complex rhe-
ological system, is experienced by humans when scuba diving. If ascending too rapidly,
gases can escape from soft tissue or blood vessels leading to injures caused by bubbles in
what is referred to as decompression sickness [3]. These cases, which are representative
of bubble growth by diffusion, are driven by either pressure or gas concentration under
isothermal conditions.

Oversaturation/undersaturation by temperature variations has received far less attention
despite being a very common occurrence. For instance, oversaturation can be achieved
in ordinary liquids, such as water, by heating since the solubility of gases decreases with
temperature. This fact is exploited, for example, when degassing water by heating. The
same mechanism, however, is to be avoided during thermal ablation of tumours. In here,
temperature changes can induce bubble growth leading to tissue damage [4]. In this
particular work, the dissolution or growth of bubbles under non-isothermal conditions
within viscoelastic materials was studied. The work was inspired by safety glass. The
latter is produced by bonding two layers of glass by means of a thin, polymeric film inside
pressurized autoclaves employing elevated temperatures [5]. The resulting assembly is
optically transparent and improves significantly over monolithic glass in terms of impact,
bending, and breakage. Nevertheless, the assembly is prone to developing unwanted
bubbles during production, quality testing, or even during normal operation. While at
times beautiful, such bubbles can lead to customer complaints, recalls, and inevitable
monetary loses. Most importantly, the physical mechanism behind these bubbles has
not been properly explained beyond an empirical association with excess air and high
temperatures. In the sections that follow, safety glass, the polymeric interlayer, as well
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Figure 1.1: A comparison of a regular monolithic glass windshield from the early 20th
century, versus the more modern incarnation using safety glass. Image adapted from
Ref.[11].

as the production cycle are introduced. Thereafter, the current know-how regarding
bubbles in safety glass is provided. The Chapter concludes by presenting detailed research
questions addressed by the present work, while further presenting briefly the structure of
the thesis.

1.1 A fortuitous invention

Safety glass was invented by French Chemist and artist, Édouard Bénédictus. As the
recollection goes [6, 7, 8, 9], Bénédictus dropped a glass flask while on a ladder. To his
surprise, the former did not break. Upon inspection, he realized that a thin cellulose
film held the glass together—the result of less than rigorous washing. Years later and
troubled by deadly car accidents involving broken windshields, Bénédictus would go on
to invent safety glass in less than 24 hours inspired by the broken flask of years prior.
His idea, which originally consisted in two layers of glass bonded by a celluloid interlayer,
was officially patented around 1910 and given the commercial name ‘Triplex’. In his
original patent (FR405881), Bénédictus identified the main advantages of his invention:
superior impact resistance compared to regular glass and, if broken, the glass remains
attached to the interlayer [10]. As an example of these two features, Figure 1.1(a) depicts
a car collision before the invention of safety glass, wherein the windshield comprised
a monolithic layer of glass. When impacted, dangerous glass projectiles would injure
drivers and passengers alike. In Figure 1.1(a), broken glass remnants can be seen around
the windshield frame. In contrast, Figure 1.1(b) demonstrates the advantages of modern
windshields utilizing safety glass. During a collision and despite cracking, glass fragments
remain bonded to the interlayer, thereby protecting passengers and saving lives.

1.2 Production process for laminated safety glass

This work concentrates on laminated safety glass (LSG), the incarnation of safety glass
for building applications. LSG is comprised by at least two layers of float glass bonded
together by a viscoelastic interlayer of Polyvinyl butyral (PVB). The latter takes the
form of a thin sheet having a typical roughness of about ∼ 40µm. As a result, the
polymer is translucent at room conditions. As depicted in Figure 1.2(a), the industrial
production of LSG involves three main steps: assembly, de-airing, and autoclaving. Each
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step is described below accompanied with preliminary laboratory observations of the main
transformations undergone by the assembly.

1.2.1 Assembly

Two glass layers are washed with deionized water to remove contaminants on the glass
surface as well as particulate, such as dust, fibers, or glass crystals. Afterwards, a sand-
wich with PVB is assembled in a clean room under controlled temperature and relative
humidity, e.g., 25◦C and 25% of relative humidity (%RH). This special handling is nec-
essary given that PVB is a hygroscopic material capable of readily absorbing moisture
from the environment. At this point, atmospheric gases, most notably air, are present
at the glass–PVB interfaces. Owing to the polymer roughness, the assembly is hardly
transparent. As shown in Figure 1.2(b), when the glass sandwich is positioned against
a dark background, the latter is hardly noticeable. In this respect, the assembly is hazy
or cloudy. Moreover, there is no adhesion between the PVB and the glass (in the image,
the assembly is held together using scotch tape). At this stage, gases can freely flow in
and out through the edges of the assembly as portrayed in Figure 1.2(e).

1.2.2 De-airing

The glass sandwiched is slightly heated and subsequently de-aired by means of pressure
using a nip-roll press. Alternatively, vacuum can be employed. The resulting assembly
is referred to as a pre-press. As seen in Figure 1.2(c), the assembly’s haziness is reduced
suggesting that some air is indeed removed. In this regard, the dark background becomes
more apparent. At this point, the PVB and glass layers have developed enough adhesion
and cannot easily be set apart. Furthermore, the edges of the assembly become somewhat
transparent suggesting intimate adhesion with the glass layers. The assembly is now
sealed and gases can only diffuse, either in or out, through the edges as illustrated in
Figure 1.2(f). Lastly, gases not removed remain trapped in the polymer roughness “e”.
Hereinafter, we refer to these gases as either interfacial gases or gas pockets.

1.2.3 Autoclaving

The polymer’s roughness melts away whilst gases are forcibly dissolved into the polymer
layer at elevated temperatures and pressures. As sketched in Figure 1.3(a), autoclaving
involves heating and cooling ramps separated by an isothermal segment whose temper-
ature and duration are referred to as the hold time and hold temperature respectively.
Pressure follows a similar protocol, but can either be in phase, ahead of, or lag the tem-
perature schedule. One of the most critical factors in the application of pressure appears
to be the temperature at which the latter is released. Previous master internships with
Saint-Gobain have demonstrated that if the temperature is too hot (e.g., 140◦C), bubbles
can nucleate in the glass assembly [12, 13]. Overall, pressures and temperatures can reach
12 bar and 145◦C [5]. When autoclaved properly, the finished glass is optically trans-
parent as displayed in Figure 1.2(d). Similarly, adhesion is increased compared to the
pre-press. Finally, the edges, following the de-airing step, remain sealed as represented
in Figure 1.2(g).
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Figure 1.2: (a) Manufacturing of laminated safety glass illustrating the assembly, de-
airing, and autoclaving steps. Red dots denote air molecules trapped at the glass/PVB
interface. In the assembly step, the vertical distance between the glass layers and the
PVB sheet is greatly exaggerated to convey the notion that significant amounts of air
are present at the glass/PVB interface. The nuanced shades of grey in PVB denote the
evolution of the glass sandwich in terms of optical appearance. (b), (c), (d): laboratory
samples of laminated safety glass demonstrating the effect of the different manufacturing
steps on transparency. Images were taken using a 16mm optical objective against a dark
background. Samples are 10 cm x 10 cm in size. From left to right, a raw sandwich (b) is
extremely hazy, a pre-press (c) is slightly more translucent, and an autoclaved sample (d)
is completely transparent. (e), (f), (g): mass transport in the assembly corresponding
to glass samples from (b), (c), and (d). In (e), the red arrows’ length and thickness
indicates the strength of mass fluxes. Gases can easily flow radially inwards or outwards
from the open edges of the assembly via the polymer roughness. Fluxes in the z-direction
are prohibited by the glass layers. In (f), (g), the edges become sealed after de-airing;
gases can only slowly diffuse through PVB. The size and length of the arrows indicates
how slow the flux is compared to the unsealed assembly.

Figure 1.3: (a) Autoclave cycle illustrating the different heating/cooling phases, as well
as representative bounds in terms of pressure and temperature, (b) Bake test protocol:
a sample of finished laminated safety glass is heated inside an oven for 16hrs at 100◦C
under atmospheric pressure, (c) Guidelines for glass inspection post bake test: bubbles
within 15mm of the glass’ edge are disregarded.
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Figure 1.4: Bubbles in a laminated safety glass window at LIPhy. Photo courtesy of C.
Schune.

1.3 Bubbling issues in LSG

1.3.1 In industry

As described in the introduction, laminated safety glass can develop bubbles that are
anathema to the beautiful appearance of glass. For example, it was mentioned in passing
within the preceding section that bubbles can nucleate during autoclaving if the pressure
is released while the glass sandwich is hot. However, bubbles can also appear during
seemingly normal conditions of operation, e.g., after the glass has been installed in a
building (Figure 1.4). The industrial know-how associates these bubbles primarily with
excess air dissolved in PVB during autoclaving, although other reasons may be at play.
From the quality control point of view, the likelihood of having excess air is assessed
destructively via so-called ageing or bake tests. For the case of Europe, this corresponds
to norm EN ISO 12543-4. See Figure 1.3(b) for the protocol. In this test, a sample
of finished glass is placed inside a pre-heated oven at 100◦C. After 16hrs, the glass is
removed and visually inspected for the presence of bubbles. Test success or failure is
determined by bubble detection, as determined by the resolution of the naked human
eye, as seen in Figure 1.3(c). In this context, two types of bubbles are considered:

� Edge bubbles are located within 15mm of the edges. Such bubbles do not constitute
test failure, and are considered as stemming from natural diffusion through the
assembly’s edges.

� Full-face bubbles are found deeper than 15mm with respect to the glass’ edges.
These bubbles, regardless of number, result in test failure.

1.3.2 In literature

When probing the literature, we find that studies involving bubble formation in lami-
nated safety glass are scarce. However, a few exist which are noteworthy to present in
detail at this point. Early in 1980, Koryavin et al. [14] conducted a study on bubble
formation including three distinct conditions: a) bubbles formed during short bake test-
ing, e.g., 45-60 mins, at 90◦C-100◦C, b) pre-existent bubbles in glass from an automobile
(Volga, GAZ-24), and c) bubbles occurring during long bake tests, namely, 100◦C for 24
hours followed by exposure to a Xenon lamp. Bubbles were visually scrutinized using a
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high-magnification microscope (x87.5), but the resolution was not disclosed. Regardless,
bubbles were found to come in two varieties: a first predominant variety nucleating at the
polymer-glass interface having, in the authors’ words, nuclei with inclusions that were
either dark or clear (unfortunately, no photographic evidence was provided to clarify the
terminology). The former were presumably particles of metal, rubber, or even fibers,
whilst the latter allegedly comprised glass crystals or fragments. Based on the descrip-
tion, we can conclude that such bubbles were heterogeneously nucleated. The term nuclei
with inclusions possibly refers to the presence of a well defined nucleation point in the
form of foreign matter (e.g., particles, fibers). The second apparently much rarer variety
had nuclei without inclusions ; possibly, this is a nod towards homogeneous nucleation
with the absence of a well defined nucleation point. Regrettably, bubble counts for either
category were not stated. Bubbles were additionally inspected for chemical composition
using chromatography analysis. Overall, bubbles included O2, N2, CO, CO2, and H2O
in varying levels of concentration. Despite the authors’ many claims regarding the clas-
sification of bubbles in terms of composition, the data, as presented in tabulated form,
makes it difficult to draw a firm conclusion. Likewise, bubbles from different samples
but identical test conditions exhibited disparate compositions. In some cases, bubbles
were constituted mainly by either O2, N2 (the main constituents of atmospheric air),
or CO (originating from possible decomposition of the film), and in other instances, by
mostly CO2, and H2O—both specious associated with the hygroscopic nature of PVB.
This discrepancy, which was ultimately not addressed, suggests that gaseous contami-
nation during the chromatography analysis may have occurred. Lastly, an attempt was
made at determining the thermodynamic preference of the aforementioned gases in PVB
when increasing the temperature. This was achieved by heating a sample of PVB within
a sealed enclosure and measuring the partial pressure of each gas. Further details, such as
PVB preparation, experiment duration, or state of PVB after heating, were not revealed.
The resulting data is depicted in Figure 1.5 for five different blends of PVB. Interest-
ingly, the partial pressure of the main constituents of atmospheric air—the main suspect
behind bubble formation—exhibited a decreasing partial pressure with temperature in
the range of 20◦C–60◦C. Hence, these two gases progressively dissolve in PVB, thereby
signalling an increasing solubility with temperature. In contrast, the partial pressure
of water vapour increases monotonically from 20◦C-100◦C. Accordingly, the latter com-
pound becomes less soluble when raising the temperature, and the gas escapes from the
polymer. Passing the 100◦C mark, the trend is nonetheless reversed for four of the five
PVB blends that were surveyed. It should be noted, however, that above 100◦C, only
one temperature was tested. Remarkably, CO2, despite being highly hygroscopic, follows
an opposite thermodynamic behaviour compared to water.

In the end, Koryavin et al. [14] attributed bubble formation to both thermal degradation
and the presence of the aforesaid inclusions in the film. Moreover, the work from Koryavin
et al. [14] raises several important questions. Based on the data presented in connection
with Figure 1.5, atmospheric air, as represented by O2, N2 has an apparent tendency to
dissolve in PVB (increased solubility) whenever the temperature is increased. From a
purely thermodynamic point of view, this makes air bubbles energetically unfavourable
at high temperatures (undersaturation), and therefore, raises serious questions regarding
the validity of the bake test. Moreover, Koryavin et al. [14] further argued in a highly
qualitative manner (1) that organic gases produced from thermal degradation can lead
to bubble growth since the PVB layer softens with temperature, and (2) air can lead to
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Figure 1.5: Evolution of the partial pressure of gases in PVB from Ref.[14].

bubbles during cooling owing to the solubility behaviour. However, these two assertions,
while seemingly involving separate issues and gases, lead to a contradiction. At cold
temperatures, PVB would be very stiff, hence hindering bubble growth. Thus, under
this treatment, neither cold nor high temperatures should result in air bubbles. In this
context, water vapour, or more specifically, the moisture absorbed by PVB during assem-
bling appears as a more suitable candidate for bubble formation at high temperatures—a
position which Koryavin et al. [14] have themselves presented arguments both for and
against. In closing, the work of Koryavin et al. [14] is very important as the first publicly
available work on bubbles in safety glass that clearly identifies some of the important
physical parameters involved in bubble growth, namely, the presence of nucleation sites,
gas solubility, and polymer rheology changing with temperature.

Shawn et al. [15], in a technical report for the US Department of Energy, show a novel
method for laminating safety glass using Radio Frequency (RF) instead of autoclaves.
The process is very fast, in the order of seconds. In particular, one of the goals from
the reference was optimizing RF technology from the point of view of a modified bake
test (2 hours at 120◦C). The work relies greatly on statistical analysis. As such, physical
mechanisms behind bubble growth were not explored. Regardless, and despite employing
a different technology, the reference teaches that cycle variables or PVB processing can
play a role in the degree of bake test success or failure. In this regard, it seems that
the pass/fail criterion of the standard test was not employed, but rather, a degree of
failure was assigned based on the number of bubbles that was observed. Nevertheless,
altering PVB atmosphere conditioning, from 20%RH to 4%RH, was strongly correlated
with few bubbles during bake testing, i.e., dry PVB reduced the degree of test failure.
Equally important, vacuum de-airing was found to be more beneficial than nip-roll de-
airing. Lastly, pressures between 25 psig (∼1.7 bar) and 100 psig (∼7 bar) were further
investigated. The former resulted in great failure, while the latter accordingly improved
on test success. In general, this reference hints at water transport in PVB being relevant
for bubble formation, as well as the role of pressure.

More recently, Kothe [16] in his PhD thesis concentrated on assessing bake test success
from the perspective of the polymeric interlayer. With this in mind, several interlayers
including Ethylene-vinyl acetate (EVA), Thermoplastic polyurethane (TPU), ionomer,
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Figure 1.6: Solar panels are sandwich assemblies akin to safety glass and consequently
include a polymeric layer as well. The latter is typically EVA, but PVB is likewise
employed. The manufacturing cycle is essentially identical: assembly, de-airing, and
autoclaving.

and PVB were characterized in terms of rheology (Dynamic Mechanical Analysis, DMA),
thermal response (Thermogravimetric analysis, TGA, between 50◦C to 750◦C), as well
as optical properties (light transmission via spectroscopy). Subsequently, samples of
laminated glass including the foregoing interlayers were subjected to various bake tests
and inspected for optical changes thereafter. The classical bake test (16hrs at 100◦C) was
followed by 10◦C increments up to 150◦C every hour until failure was achieved. In this
regard, the TGA measurements for all interlayers showed that negligible amounts of mass
were lost up to 150◦C under a nitrogen atmosphere. We take this as further evidence that
PVB degradation is no longer the main driver behind bubble formation. Similarly, tests at
high humidity or salinity at considerably lower temperatures were additionally pursued.
Remarkably, all interlayers passed the classical test without bubble formation. Test
failure was only observed when increasing the temperature beyond 110◦C. Particularly,
the PVB interlayer for classical safety glass applications only failed at temperatures as
high as 130◦C, with bubble sizes reaching 6mm in diameter. Gas transport or cycle
variables were not part of the study, while bubbles were assumed to comprise air. To
the best of this author’s comprehension, no definitive link between rheology and bubbles
was provided, other than identifying the most robust interlayers with respect to the bake
test.

1.4 A brief intermezzo: solar panels

Solar panels are multi-layered assemblies reminiscent of safety glass. As sketched in
Figure 1.6, two geometries are in widespread use. Figure 1.6(a) depicts a so-called glass-
to-glass structure that is fundamentally identical to safety glass, albeit for the presence
of the solar cells. Meanwhile, Figure 1.6(b) portrays a breathable structure, wherein the
bottom glass layer is replaced by a backsheet (e.g., polyester) [5, 17, 18]. As with safety
glass, the assembly is held together using a polymeric interlayer, wherein EVA appears
as the dominant choice. Nonetheless, PVB can be utilized as well, specifically in thin
photovoltaic modules (glass-to-glass geometry) [5, 17, 19]. The manufacturing process
is essentially indistinguishable from that of safety glass and includes the assembly, de-
airing, and autoclaving steps described in connection with Figure 1.2 [5]. The similarities
further extend to the usage of a high temperature test for quality control. A photovoltaic
module is tested at 85◦C for 1,000 hrs at 85%RH, wherein test failure is constituted
by, among many things, loss of electrical performance or the formation of bubbles or
blisters [18, 20, 21]. The latter are evidently of interest for the present work.

Figure 1.7 illustrates the nature of bubbles/blisters in solar panels. Figure 1.7(a) shows
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Figure 1.7: (a) Solar panels with bubbles/blisters at the backsheet/polymer interface, (b)
Idem at the polymer/glass interface. Adapted from Ref. [24].

these defects present at the polymer/backsheet interface, while Figure 1.7(b) shows the
same defects but at the polymer/glass interface. In general, the know-how from the solar-
panel scientific community associates bubbles/blisters, as well as delamination, with high
temperatures and moisture uptake by the interlayer [18, 22, 23]. Surprisingly, there
is not a great body of research explaining bubble formation in the assembly. A notable
exception is the work by Gagliardi & Paggi [18], wherein blister formation in a breatheable
structure with EVA was investigated. The authors’ attempted to determine the critical
conditions for blister growth in terms of blister pressure and radius. To this end, a two-
dimension finite element model was used to couple inward diffusion of moisture inside the
assembly with changes in adhesion between the backsheet and the EVA interlayer. Only
one gas was considered, namely water. The effect of backsheet stiffness was examined,
but the rheology of the interlayer was excluded. Surprisingly, the critical conditions for
blister pressure and radius were a monotonically decreasing function of time regardless of
isothermal or non-isothermal conditions. The critical pressure was substantially similar
to atmospheric conditions, whilst the critical radii was in the millimeter range. Lastly,
an instructive isothermal comparison for a backsheet at two different temperatures was
presented, where the Young modulus varied from 720 MPa at 25◦C to 180 MPa at 85◦C.
In both cases, the critical pressure was in the atmospheric range, but the critical radius
decreased from ∼2.2mm to ∼1.6− 1.7mm.

The work from Gagliardi & Paggi [18] demonstrates that high temperatures favour blis-
ter growth in solar panels. The decreasing monotonic behaviour of the critical conditions
suggests that adhesion is the limiting factor. The latter was assumed to decay exponen-
tially with moisture concentration. However, the critical radii are rather large, and would
constitute a defective product from the manufacturing point of view—specially from the
perspective of safety glass.

To the best of the author’s knowledge, no additional studies dealing with bubble/blister
formation in solar panels exist, let alone one tailor made to solar panels employing PVB.
While the present work focuses on safety glass, the results provided in upcoming chapters
should be directly applicable to solar panels as well. Thus, from time to time, passing
references to solar panels will be made. In this context, we close the present section by
acknowledging that great efforts have already been made by the solar panel community to
characterize water transport in PVB. Nevertheless, a deep analysis of the existing litera-
ture reveals several discrepancies between existing solubility estimates but also seemingly
contradictory physical results across disciplines. For instance, Ref. [25] discloses a series
of permeation experiments (≈24◦C-36◦C) involving mass spectrometry. From this work,
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Figure 1.8: PVB water vapour sorption isotherms using data from Hauser & McLaren [26]
(25◦C) and Meitzner & Schulze [19] (85◦C).

we can evaluate the heat of solution as ∆Hs = Ep − Es ≈ 7.8 kJ mol−1, where Ep, Es
are the activation energies for the permeation and diffusion processes respectively. The
fact that ∆Hs is positive implies that water vapour becomes increasingly soluble in PVB
when the temperature is raised. A finding in direct opposition to those previously dis-
cussed from Koryavin et al. [14]. Similarly, Ref. [17] show that water solubility in PVB
is a decreasing function of temperature in the range of 20◦C-50◦C. In here, the solubility
constants at each temperature were obtained by means of water vapor transmission rate
(WVTR) experiments at an apparent fixed rate of 60% relative humidity (%RH). Con-
tinuing this puzzling trend, Meitzner & Schulze [19] and Hauser & McLaren [26] provide
sorption isotherms at different temperatures, obtained by different methods, that when
plotted together elegantly overlap as seen in Figure 1.8. This latter fact potently sug-
gests a sorption process that is unaffected by temperature. The collapse is even more
surprising given that the former utilized a commercial PVB blend for solar applications,
while the latter appears to employ unplasticized PVB. On this topic, however, Misra et
al. [27] have shown that plasticizers dilute the amount of sorbed water relative to the un-
splasticized state, i.e., plasticizers merely increase the PVB mass, but do not participate
in the sorption process. Considering all of the above, there is ample need to clarify mass
transport of water in PVB.

Based on the literature from the glass and solar panel communities, we can identify
two main candidate gases behind bubbles, to wit, atmospheric air, and water vapour.
However, their thermodynamic and mass transport behaviour in PVB needs clarification.

1.5 A second brief intermezzo on rheology

The effect of interlayer rheology also needs addressing as well. In this regard, a link
can readily be made between the shear modulus of the material and the likelihood of
developing bubbles employing the theory of elastic cavitation. In this framework, pre-
existent gas nuclei having a typical size larger than R ∼0.1µm− 10µm embedded in an
elastic material can grow by mass diffusion whenever the bubble pressure is high enough
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Figure 1.9: Relaxation modulus G(t) of PVB as a function of time and temperature from
Ref. [33].

to overcome the elastic constraints of the material; for a Neo-Hookean solid, this equates
to PB ≥ 5/2G, where PB is the bubble pressure and G is the shear modulus [28, 29, 30].
This simple relationship is exploited, for instance, in the technique of cavitation rheology
for soft materials. In said technique, the relationship is reversed to determine G based
on the threshold pressure required to swell a bubble via a syringe inserted in the bulk of
the material [31].

We use the theory of elastic cavitation to roughly estimate the pressure necessary to grow
a bubble in PVB. Before doing so, a brief introduction to PVB rheology is necessary. To
this end, Figure 1.9 presents the PVB relaxation modulus at 25◦C, 40◦C, and 60 ◦C, as
publicly available from Eastman, one of the main PVB suppliers. PVB, being viscoelastic,
exhibits a response that decays with time and temperature. As an example, the modulus
decreases by about an order of magnitude from 7 × 106 Pa to 4 × 105 Pa in a period of
time ranging from one second to six hours. The same drop is rapidly observed after only
300 seconds at 40◦C and one second at 60◦C. Interestingly, the decay appears to plateau
at 105 Pa regardless of temperature. In the literature, this saturation is referred to as the
long-term elastic response G∞. Previous authors such as Hooper [32] have estimated the
latter at 1.25×105 Pa, in fair agreement with Figure 1.9. Equally relevant, the long-term
response is reached very rapidly at high temperatures requiring ∼ 3×107 s ( ∼1 year) at
25◦C but a mere 30 minutes at 60◦C. Hence, during a typical bake test, or more generally
during hot conditions, the PVB interlayer is forcibly softened by high temperatures.

Using the preceding estimates for G(t = 1)s yields a magnitude for PB between 176-11
bar of absolute pressure at 25◦C and 60◦C respectively. Consequently, bubbles at room
conditions are highly unlikely. Nonetheless, the lower bound at 60◦C is in the same order
of magnitude for pressures inside autoclaves. This can qualitatively explain why releasing
the pressure when the sandwich is hot can lead to bubbles during autoclaving. Assuming
the worst-case scenario, namely, reaching the long-term response, we have PB = 3.5 bar.

Figure 1.10 provides a comparison between the pressure threshold from elastic cavitation
and the vapour pressure of water modelled using the Antoine equation with coefficients
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Figure 1.10: Vapour pressure of water as a function of temperature versus threshold
pressure for elastic cavitation assuming G∞ = 1× 105 Pa.

from Ref. [34]. As can be seen in the figure, a bubble comprised by vaporized water
can only grow at temperatures close to 140◦C. This is roughly in agreement with the
previously discussed findings from Kothe [16] for a classical PVB interlayer (bubbles
appeared until 130◦C during bake testing). Despite this promising agreement, the here-
inabove framework for bubble growth is hardly predictive or complete. To begin with,
the proposed computation assumes complete vaporization of liquid water and neglects
the effect of polymer chemistry on the vapour pressure. Moreover, bubbles do appear
during bake testing at 100◦C, suggesting that water vapour alone cannot explain bubble
formation. Furthermore, as discussed in antecedent sections, bubbles can appear during
normal operation at significantly lower temperatures, wherein the theory of elastic cavi-
tation prohibits bubble growth. As a related issue, mechanical characterizations of PVB,
as provided in Figure 1.9, might be inadequate to study bubble phenomena at high tem-
peratures. As an example, large discrepancies in the long-term response were discovered
when comparing Refs. [32, 35, 36, 37, 38]. As discussed in the following section, this
appears to stem from a high-temperature effect.

1.5.1 PVB’s long-term response

Owing to its intimate association with safety glass, PVB has typically been studied
under tension for temperature conditions and timescales relevant for glass performance
during impact, bending, or breakage using Dynamical Mechanical Analysis (DMA) (Refs.
[37, 38, 32] provide rich experimental data to this effect). As a result, mechanical char-
acterizations can cover temperatures as low as -80◦C but seldom surpass 70◦C to 80◦C.
At higher temperatures, PVB creeps or deforms under the force of gravity as it be-
comes too soft [39]. Similarly, prolonged exposure to a high-temperature, oxygen-rich
atmosphere may accelerate thermal degradation of PVB. Accordingly, high-temperature
characterizations suitable for studying bubble phenomena are difficult to find; the sole
exception being Elzière’s [39] PhD thesis. In here, classical DMA in tension (-40◦C to
60◦C) was complemented with shear rheometry using a parallel plate configuration (Ø=50
mm, 40◦C to 160◦C). For the latter part, three 0.76 mm-thick PVB sheets were molten
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together at 160◦C for 30 minutes prior to experimentation. Overall, this particular ar-
rangement led to two distinct sets of constants for the Williams-Landel-Ferry (WLF)
law for time-temperature superposition (TTS) and further required assuming full PVB
incompressibility to merge the two datasets (Poisson ratio=0.5). Even then, matching
of the data was not perfect. Moreover, Elzière [39] acknowledges that achieving TTS in
shear rheometry necessitated large vertical shifts (bt), but does not disclose their relative
size. Ultimately, a Prony series including 23 terms was employed to describe the combined
data at 20◦C, making the description extremely valuable for this reference temperature,
but difficult to handle at different ones.

When scouting the literature for additional high-temperature characterizations, large
disparities in the estimates for the long-term elastic response of PVB were uncovered as
briefly mentioned in the preceding section. From Refs. [32, 35, 36, 37, 38], we find G∞
spans 103 − 105 Pa, where we assumed G∞ = E∞/3 for measurements in tension. At a
first glance, it stands to reason that being an industrial product, the discrepancies may
reflect the richness of the PVB family of materials in terms of chemical composition, ap-
plication, and manufacturer. Yet, Refs. [32, 37, 38] provide comparable G∞ magnitudes,
of about ∼ 105 Pa, for similar blends coming from two different suppliers (Refs. [32, 37])
and a undisclosed source (Ref. [38]). Therefore, we conclude that PVB is adequately stan-
dardized, and accordingly discard PVB variability as a plausible explanation for the size
of the disparities. Setting methods aside, a comparison of Ref. [32] (DMA, Tmax = 70◦C,
G∞ = 1.25× 105 Pa) with Ref. [35] (shear rheometry, Tmax = 90◦C, G∞ = 8.0× 103 Pa)
for an identical PVB blend suggests that a high-temperature effect might be at play.

1.6 Research questions and thesis outline

The present research subject spans many areas of polymer physics including bubble phe-
nomena, gas transport, and rheology. Questions raised during the preceding discussions
pertaining to each area are provided next.

Bubbles & mass transport

� If air becomes increasingly soluble in PVB, why is air associated with bubble growth
and bake test failure by industrial know-how? Is it a serendipitous association
stemming from the particularities of the production cycle?

� Are there circumstances that can lead to air bubble growth? If so, what are they?

� Does the bake test really reveal/predict excess air? If not, what does it reveal?

� Is there potentially a better bake test?

Regarding water vapour, the question regarding the thermodynamic path in PVB remains
open:

� Does water vapour have a tendency to dissolve or escape from the polymer when
the latter is heated?

� What is the sorption mechanism? How does it relate to the polymer structure?

� What is the role of water on bubble formation?

Rheology
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Since PVB is an industrial polymer, the response can vary between suppliers or even
application. As such, it becomes necessary to adequately characterize the material to
guarantee that the mechanical properties match the polymer in question. This becomes
increasingly important for the present work since a high-temperature characterization is
needed. Hence,

� What is the exact behaviour of PVB at high temperatures?

� Do distinct PVB blends respond differently in terms of bubble formation?

� What role does rheology play on bubble dissolution or growth?

Nucleation

Setting gases aside, questions of the more general nature of nucleation need to be clarified.
Therefore,

� is nucleation homogeneous, i.e., do bubbles form in the PVB bulk?

� or is it heterogeneous, e.g., do bubbles nucleate at the polymer-glass interface?

� is it both?

To provide a quantitative framework for understanding bubble nucleation in polymers,
and to answer all these questions, this work is organized as follows: Chapter 2 provides
a discussion on the physics of bubble dissolution or growth by diffusion. The chapter
addresses the standard Epstein & Plesset theory and its applications to simple liquids, as
well as more complex materials, such as elastomers, and hydrogels. Aside from serving
as a literature review on bubbles, additional insights and computations are provided
to highlight the rich effect of rheology on bubbles. Thereafter, Chapter 3 presents the
materials and methods, while Chapter 4 provides a characterization of the polymeric layer
in terms of mechanical properties and mass transport. Chapter 5 deals exclusively with
bubble growth under non-isothermal conditions alongside applications of the present work
towards a better understanding of bubble growth in safety glass. Lastly, the conclusions
from the work are presented.
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Chapter 2

On Bubbling Phenomena

In the present chapter, an introduction to the physics of bubbles is provided. The state
of the art is presented and contextualized to the topic at hand. Moreover, enriching
discussions and computations stemming from the present work are also introduced here.
Considering that our focus is on bubbles that grow by mass diffusion under temperature
variations, other common bubble triggering mechanisms associated with temperature,
such as cavitation or boiling are only mentioned in passing. For a thorough discussion
on such subjects, the reader is kindly referred to the seminal work of Brennen [40].

2.1 Bubble nucleation

The term nucleation refers to how a bubble originates inside a medium, whether it be a
liquid or a solid. Different definitions and classifications can be found in the literature.
In here, we adhere to a broad categorization in terms of energetic levels. To this end,
we consider homogeneous nucleation when a bubble is formed inside an otherwise perfect
medium without holes or discontinuities. In this respect, an interface between the gas
forming the bubble and the medium must be created. This process requires high levels
of energy as the surrounding liquid or solid must be, as adequately described by Bren-
nen [40], ruptured to form the interface. By contrast, heterogeneous nucleation describes
the formation of bubbles at nuclei or gas cavities already present in the medium—a sit-
uation regarded by Jones et al. [41] as pseudo, or non-classical nucleation. The nuclei
might comprise tiny bubbles (micron or sub-micron range) or pockets of gas trapped in
particulate, fibers, or at solid boundaries. In this case, no energy is spent on creating an
interface making the process energetically inexpensive. However, the nature of the solid
surface (hydrophobic or hydrophilic), the geometry of the solid surface/particulate (e.g.,
flat, curved, V-shaped), or the gas contact line/angle, all play a role on the likelihood of
trapping nuclei [40, 41, 42, 43, 44].

The driving force behind bubble nucleation and growth may comprise pressure or tem-
perature variations, mass concentration gradients, or even chemical reactions capable of
producing gases (for the latter, see Ref. [45]). For example, in cavitation, the hydrostatic
pressure Phydrostatic overlaying the liquid (e.g., water) is reduced below the vapor pressure
PSat(T ), so that PSat(T )− Phydrostatic > 0, thereby promoting bubble expansion [40, 46].
The same result is obtained during boiling. Contrasted with cavitation, the driver is the
temperature, while the pressure is maintained constant (e.g., 1 bar for the typical boiling
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of water) [46]. In these two cases, the kinetics of a growing bubble are quite rapid and
explosive (ms range) [40, 46]. As a last example, rapidly decompressing a liquid (e.g.,
by opening a soda can or a bottle of Champagne) may also form bubbles in the bulk
as discussed in the introduction. In this case, the driving force is a gradient of mass
concentration, and the process is controlled by mass diffusion. In this case, bubbles grow
at a slow rate (scale of seconds)[1, 40, 46].

The case of bubbles by decompression in carbonated beverages provides illustrative figures
for the energy levels (and likelihood) of observing either form of nucleation in everyday
situations. In this regard, Wilt [47] estimates that homogeneous nucleation in CO2 bev-
erages requires ci/cs ≈ 1100 − 1700, where ci and cs are the gas concentrations initially
dissolved in the liquid’s bulk and at the bubble’s interface. Yet, these beverages yield
bubbles despite being oversaturated only by about ci/cs ≈ 5. From these two facts, it is
logically concluded that homogeneous nucleation is not at hand. Indeed, Liger-Belair [2]
has shown that the bubbling of Champagne is triggered heterogeneously. In some cases,
fibers present in the serving flute trap gases whence bubbles may continuously escape and
grow. In other cases, the flute itself may include etched patterns or crenels that serve as
nucleation points.

2.2 Bubbles in simple liquids

Epstein & Plesset [1] laid out the theoretical groundwork for explaining the growth or
dissolution of mono-component bubbles by mass diffusion in inviscid liquids. Hereinafter,
a detailed account of the theory is presented, followed by extensions of the latter to multi-
component bubbles, or more complex systems, such as hydrogels and elastomers. The re-
view is by no means exhaustive. Instead, we aim to contextualize the different approaches
into, hopefully, one coherent framework. The effort is not without merit given the rich-
ness of the subject, the wide variety in notation, as well as times, the interpretation of
specific physical aspects. Moreover, at times, parallel routes were taken to derive/present
some of the important equations in the spirit of clarity, but most importantly, aesthetics.

2.2.1 The idealized, inviscid case

Epstein & Plesset [1] presupposed the existence of a bubble having an initial radius Ro

embedded in the liquid, i.e., nucleation is considered of the heterogeneous kind. The
surrounding inviscid liquid has a hypothetical initial gas concentration ci that is homo-
geneous throughout. Pressure (Po) and temperature (To) are assumed constant, both
in the liquid and the bubble. Under these conditions, the liquid wants, per thermo-
dynamic equilibrium, a quantity of dissolved gas compliant with Henry’s law, namely,
cs = H(To)Po. The critical assumption now being that at the bubble’s interface, the
concentration conforms rapidly to thermodynamic equilibrium. This instantaneous equi-
librium is guaranteed by one simple fact: the gas concentration dissolved in the liquid
is invariably much smaller than that set by the gas density. Hence, the bubble inter-
face reaches equilibrium much faster compared to the timescale set by diffusion. While
not directly discussed by Epstein & Plesset [1] in their paper, this assumption as two
important implications:

� The free liquid interface in contact with the gas also attains thermodynamic equilib-
rium automatically. As a result, the liquid also exchanges gases with the atmosphere
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at the free surface.

� The bubble, despite being embedded in the liquid, roughly maintains chemical
and mechanical equilibrium with the gas present at the free surface, when surface
tension, or other similar effects, are negligible.

The last point has been verified experimentally by Haudin et al. [48] in hydrogels as
will be discussed more thoroughly later on. Now, if ci > cs gases will escape from the
liquid bulk via either the free surface or the bubble. The opposite evidently holds true.
To simplify the problem, the liquid is considered as infinite to disregard the free surface
effect. To obtain an expression for the evolution of the bubble radius with time, i.e.,
dR/dt, the diffusion equation must first be solved. Below, the convective term is set to
zero on the premise that the bubble grows slowly [49].

∂c

∂t
= D∆c (2.1)

The above must be solved subject to

c(r, 0) = ci, r > R

c(r, t) = ci, r →∞, t > 0

c(R, t) = cs, r = R, t > 0,

(2.2)

whence Epstein & Plesset [1] found

(
∂c

∂r

)
r=R

= −(cs − ci)
[

1

R
+

1√
πDt

]
, (2.3)

andR is implicitly a function of time, D is the diffusion constant, and
√
πDt is a (diffusive)

boundary layer.

From here, the mass flux across the bubble interface is found from Fick’s first law, i.e.,

Jr=R = −D∇cr=R , (2.4)

where the flux is, in the present notation, in mol m-2 s-1. By considering mass flow into
the bubble as positive, combining eqs. (2.3), (2.4), and multiplying the result by bubble’s
surface area yields

dn

dt
= −4πR2D(cs − ci)

[
1

R
+

1√
πDt

]
, (2.5)

and dn/dt is the variation in time of moles inside the bubble by diffusion.

To find the bubble radius, a second expression for the mol differential can be obtained
from the ideal gas law PV = nRuT . With the gift of foresight, we advantageously re-write
the latter in terms of moles, albeit in general differential form
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dn

dt
=

1

Ru

d

dt

(
PV

T

)
, (2.6)

wherein n, P , V , T are all bubble parameters that can be time dependent, and Ru is the
universal gas constant (Ru =8.314 J mol-1 K-1). Assuming the simplest, idealized case of
mechanical balance (P = Po), plus thermal equilibrium (T = To), eq. (2.6) becomes

dn

dt
= 4πR2

(
dR

dt

)
Po
RuTo

. (2.7)

All that is left to have an expression for dR/dt is to equate expressions (2.5), (2.7). Thus,
we reach Epstein & Plesset’s canonical formula for a bubble growing or dissolving by
diffusion in an inviscid liquid:

dR

dt
=
−RuToD

Po
(cs − ci)

[
1

R
+

1√
πDt

]
. (2.8)

Eq. (2.8) has an asymptotic, evident solution of the form R ∼
√
t. At long timescales,

the above reduces to

dR

dt
=
−RuToD

Po
(cs − ci)

(
1

R

)
. (2.9)

Eq. (2.9) has an analytical solution of the form

R2 =
−2RuToD

Po
(cs − ci)t+R2

o, (2.10)

assuming that at t = 0, R = Ro. The above reduces to

R2 = kt+R2
o, (2.11)

where k = −2RuToD(cs − ci)/Po has the units of a diffusion coefficient, i.e., m2 s-1.
Finally, the driving force can be quantified by the saturation ratio f :

f =
ci
cs
. (2.12)

For f < 1 (undersaturation), the bubble shrinks; at f = 1 (saturation), the bubble is
ideally stationary; and f > 1 means growth. Figures 2.1(a),(b) illustrate sample compu-
tations for these various situations by solving eq. (2.8) in Python 3.0. The calculations
employed the same parameters as Epstein & Plesset [1] and can be accordingly bench-
marked against their original results in Tables I, II from their classical publication.

Figure 2.1(a) shows the case of a bubble (Ro = 10µm) growing in oversaturated water
for three cases of increasing driving force (f = 1.25, 2.5, 5). In all cases, the parabolic
asymptotic case of R ∼

√
t is evident. A good metric to showcase the effect of the driving
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Figure 2.1: The evolution of an air bubble in liquid water. (a) At oversaturation, the
bubble grows continuously since there is an infinite supply of gas. The bubble size is
directly dependent on the driving force f . (b) Under ideal saturation, the bubble is
static. Meanwhile, the bubble quickly dissolves when water is undersaturated.

force on the bubble’s radius is to determine the timescale necessary to reach an arbitrary
size, such as R/Ro = 10. For the examples at hand, we have t = 466s, 71s, 24s for
f = 1.25, 2.5, 5 respectively. The lower and upper bounds are identical to those found
by Epstein & Plesset [1] for the same cases. Finally, the bubble grows indefinitely since
the medium is considered as infinite, i.e., the driving force is always constant.

Figure 2.1(b) presents simultaneously the cases for saturation and undersaturation re-
spectively. For the former case, the radius is indefinitely stationary as the bubble is in
perfect equilibrium. For the undersaturated cases, the bubble collapses very rapidly. In
here, we find t = 4.5s, 2.2s for f = 0.75, 0.50.

2.2.2 The role of surface tension

A first modification to eq. (2.8) is to include surface tension σ (N m-1). The bubble
pressure PB is then given by the Laplace pressure

PB = Po +
2σ

R
. (2.13)

Under this new premise for mechanical equilibrium, eq. (2.6) must now reflect that the
bubble pressure is changing with time via the radius R. Hence,

dn

dt
=

1

RuTo

(
P
dV

dt
+ V

dP

dt

)
. (2.14)

Combining eqs. (2.13), (2.14), yields

dn

dt
=

4πR2

RuTo

dR

dt

(
Po +

4σ

3R

)
. (2.15)

As before, the preceding equation can be merged with eq. (2.5) to solve for the bubble
radius. Therefore,
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dR

dt
=
−RuToD

Po + 4σ/3R
(cs,σ − ci)

[
1

R
+

1√
πDt

]
. (2.16)

where cs,σ, for the moment, has been expressly written to convey the idea that the gas
concentration at the bubble’s radius obeys thermodynamic equilibrium with the inclusion
of interfacial effects.

Surface tension works primarily by affecting the gradient δ = cs−ci, and thus, the driving
force f observed by a bubble compared to the inviscid, idealized case of PB = Po because

cs,σ = H(To)(Po + 2σ/R) > H(To)Po = cs. (2.17)

The Laplace pressure reduces the gradient δ observed by a growing bubble, thereby
slowing bubble expansion. This fact is portrayed in Figure 2.2(a) for the case of f =1.25.
Meanwhile, the gradient is increased for a dissolving bubble. As a consequence, bubble
shrinking is accelerated as depicted in Figure 2.2(b) for f =0.75. At saturation, i.e.,
f =1, there is a non-zero gradient since cs,σ − ci = 2σH(To)/R. Accordingly, the bubble
collapses—rather than remaining static—as illustrated in Figure 2.2(c). Finally, for any
level of oversaturation (f > 1), there is a critical radius R∗ above which bubbles may
grow, but below which they must dissolve [50]. This critical radius is readily found by
setting cs,σ − ci = 0:

R∗ =
2σ

Po(f − 1)
. (2.18)

2.2.3 Bubble stability

As discussed by Brennen [40] and Franc [46], bubbles are remarkably stubborn against
dissolution. They can linger even under high levels of hydrostatic pressures and in spite of
what the diffusive theory lays out. In this respect, Harvey et al. [42] alongside Atchley &
Prosperetti [43] have shown that the presence of a solid boundary or wall, having crevices
or pits, can stabilize bubbles against dissolution. In this situation, surface tension may
prevent bubble disappearance depending on the radius of curvature of the gas. Moreover,
the very presence of a solid wall reduces diffusive rates, thereby further lengthening the
dissolution time [51, 52]. Geometry aside, Lohse & Zhang [44] have shown that nanobub-
bles may persist as a result of the pining of the contact line between the gas, the solid
surface, and the liquid. Regardless of physical mechanism, this particular issue of bub-
bles living beyond expectations has, for decades, been at the heart of many discrepancies
between predictions by bubble nucleation theories and experiments. Typically, the the-
oretical driving force to induce bubble growth is significantly larger than that which is
measured in the laboratories—a hint that nucleation is, in practical situations, almost
always of the heterogeneous kind [40, 41, 46].

2.3 Beyond liquids

Bubbles growing in systems such as viscous fluids, elastomers, hydrogels, polymers more
broadly, or even glass melts, exhibit remarkable behaviors beyond those observed in sim-
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Figure 2.2: Effect of surface tension on bubble kinetics. On the one hand, surface tension
slows down a growing bubble (a). The opposite, on the other hand, occurs for a shrinking
bubble (b). At saturation, surface tension forces bubble collapse (c).
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ple liquids. As an example, when contrasted against an ideal liquid, polymeric materials
can increase the pressure needed to inflate bubbles [30], may shift the necessary thermo-
dynamic conditions for growth [53], or may alter the morphology of the bubbles depending
on bubble-to-bubble proximity and the stiffness of the polymer matrix [48]. The bubble
behavior, beyond the driving force, becomes a strong function of the embedding medium’s
rheology. For example, the viscoelasticity of Oldroyd-type fluids has been demonstrated
to retard either grow or dissolution in relation to the inviscid case in the sister field of
cavitation [54, 55].

The rheology of the material containing the bubble enters the kinetics of the problem as
an extra stress term in the bubble pressure in similar fashion to surface tension. This
stress, customarily referred to as τrr, is a reflection of the constituve law used to model the
material’s stress response to a deformation. Invariably, τrr is medium specific. Examples
of the latter—in connection with bubbles growing by mass difussion—are provided by
Patel [56] for viscous Newtonian fluids, Street [57] for non-Newtonian fluids (power-
law fluids), Gent & Tompkins [30] for Neo-Hookean solids, Kloek et al. [58] for the
interfacial rheology of foams, or Arefmanesh & Advani [59] for a viscoelastic material
(upper convected Maxwell fluid). In here, a survey of each case will not be presented.
Instead, the role of rheology is showcased by taking a look at a simple case, that of
an elastomer. The equations are simple, yet instructive enough. More importantly,
elastomers share many commonalities with PVB in terms of mass transfer, specially
when conformed by polymeric chains rich in carbon groups. This will become apparent
later on.

2.3.1 Bubble kinetics in an elastomer

For an elastomeric material, Gent & Tompkins [30] deduced the following expression for
τrr

τrr = 2G
Ro

R
+
G

2

R4
o

R4
− 5G

2
, (2.19)

where G is the shear modulus of the material, and Ro is the initial bubble radius. The
latter expression can be derived by performing a momentum balance at the bubble’s
boundary. At least two key assumptions are needed. Fist, the strain-stress behavior is
described by means of a Neo-Hookean solid constitutive equation in the stress tensor.
Second, a zero-stress condition is assumed at Ro. Then, for a bubble embedded in such
a material the pressure now becomes (disregarding surface tension)

PB = Po − 2G
Ro

R
− G

2

R4
o

R4
+ 5/2G. (2.20)

Recalling eq. (2.14), it is readily found that

dn

dt
=

4πR2

RuTo

dR

dt

(
Po −

4G

3

Ro

R
+
G

6

R4
o

R4
+

5G

2

)
. (2.21)

The bubble radius can now be obtained by equating the above expression with eq. (2.5).
Ergo,
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Figure 2.3: (a) Bubble growth in an elastomer for f=1.25. The case of G=0 represents
the inviscid liquid case. (b) Bubble shrinkage at f=0.75.

dR

dt
=

−RuToD(cs,G − ci)
Po − 4G

3
Ro

R
+ G

6
R4

o

R4 + 5G
2

[
1

R
+

1√
πDt

]
, (2.22)

where, as for the case of surface tension, cs,G references the elastic contribution of elasticity
to the gas concentration at the bubble’s interface, meaning that cs,G = H(To)(PB) with
PB given by eq. (2.20).

Figure 2.3(a) illustrates the growth of a bubble in an elastomeric material. Eq. (2.22) was
solved numerically for the case of f = 1.25 as a function of the shear modulus G . The
mass transport properties of the inviscid liquid were retained. As depicted in the figure,
high levels of elasticity can, for practical purposes, arrest bubble growth (G = 105 Pa).
As the elasticity decreases, the classical parabolic relationship between R and t again
emerges. As G → 0 Pa, the growth of the bubble approaches that of the inviscid liquid
(G = 0 Pa). This has practical implications: for the cases of G < 103 Pa (the range of
soft hydrogels), the growth of a bubble is remarkably close to that of the ideal liquid.
This situation may render the two cases practically indiscernible, specially when factoring
experimental resolution at the laboratory scale. For G < 102 Pa, the difference between
the elastomer and inviscid cases is hardly distinguishable even in the computation.

The rich experiments by Haudin et al. [48] for bubbles growing in a hydrogel (DI water
plus Laponite-a synthetic clay) provide clear experimental evidence of the latter claim,
i.e., the growth of bubble in a soft material bears direct resemblance to the one observed
in an ideal liquid. In their experiments, the authors showed that bubbles formed in the
bulk of the hydrogel when reducing the pressure below atmospheric conditions. The
composition of the gel was varied so that the Young’s modulus of the material spanned
a factor of 500 across different experiments. Yet, the growth of the bubbles (when suf-
ficiently spaced apart) was aptly described using a diffusive model, wherein the bubble
pressure was assumed to be identical to that imposed at the free surface at all times.
No trace of the rheology was found. The maximum shear modulus probed was in the
order of G ∼ 3 × 102 Pa, hence being in the range where we estimate the elastic and
inviscid limits as practically equivalent. Lastly, these set of experiments prove another
point discussed at the beginning of the present chapter: bulk bubbles are in mechanical
and quasi-chemical equilibrium with the gas at the free surface insofar as growth is slow
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Figure 2.4: Bubble growth in an elastomer having G = 105 Pa for various levels of driving
force f .

and diffusion bounded.

In the spirit of completeness, Figure 2.3(b) portrays the shrinking of a bubble for the
case of f = 0.75 for various values of G. Again, elevated elasticity values (G = 105Pa)
can more or less immobilize the bubble around Ro. As the elasticity is decreased, the
bubble dissolves more rapidly, with the trend progressively adhering to that of the inviscid
liquid. Nevertheless, a key difference is revealed: bubbles do not dissolve but rather attain
a stable value. Similar findings are provided by Kloek et al. [58] for the saturated case
(f=1) (Figure 4 in their paper), albeit with the inclusion of interfacial rheology as the
driving force for bubble shrinkage.

Figure 2.4 shows the case of G = 105 Pa for various driving forces. The figure shows that
the elastic constrains that initially hindered bubble growth in Figure 2.3 are overcome
provided that the driving force is strong enough. The higher the force, the more marked
the diffusive profile becomes. In contrast, at low driving forces, roughly f ≤ 2.5, the
elastic constraints rapidly stop bubble growth. In this respect, Gent & Tompkins [30]
demonstrated experimentally for a wide array of elastomers that visible bubbles only
formed at about Pi ∼ 5/2G, where Pi was the initial system overpressure before rapid
decompression. The latter threshold is the asymptotic pressure for a growing bubble
at long timescales as given by eq. (2.20), i.e., whenever R � Ro, and further assuming
Ro > 0.1− 1 µm.

Finally, Figure 2.5 shows the elastomer case where we added numerically a Maxwell
relaxation of the form

G(t) = Go exp(−t/λ) (2.23)

and arbitrarily selected two cases λ =10, 50 s (a tenth, and a half of the computation
time in Figure 2.5), and Go = 105 Pa. The differential equation was solved in a loop,
where the shear modulus was updated at each time step with eq. (2.23). We include
viscoelasticity in such a straightforward manner using two key facts: (1) the relaxation
modulus simultaneously accounts for both elastic and viscous dissipation, and (2) the
bubble grows slowly so that at each point in time, the deformation is of the linear kind,
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Figure 2.5: Bubble growth at f = 1.25. Four cases are compared: inviscid liquid, con-
stant shear modulus (infinite relaxation), and two viscoelastic responses with different
relaxation times.

and therefore, independent of the strain. Regardless of the assumptions, the dummy
Maxwell response, as shown in Figure 2.5, shows an interesting result: as the material
relaxes, i.e., softens, the bubble can eventually grow even if the driving force is small
(f = 1.25) compared to the constant G case (which is equivalent to an infinite relaxation).
Note that the growth is intimately linked to the relaxation of the material as well. For the
case of λ = 50s, a small plateau, reminiscent of the constant G scenario, is first observed.
Then, as the material relaxes, the bubble can slowly grow. Reducing the relation time to
λ = 10s renders this initial plateau less pronounced.

Overall, the discussion surrounding Figures 2.3, 2.4, 2.5 clearly demonstrate the wide
array of possibilities for bubbles in complex rheological systems. Bubbles that would
otherwise grow or dissolve can be rendered immobile when the material is stiff enough.
The likelihood of observing either growth or dissolution is directly influenced by the
magnitude of the driving force. Meanwhile, if the rheological properties evolve with time,
bubbles may eventually overcome the restraining rheological forces of the medium—even
under a small driving force. While the previous conditions are intricate enough, the
problem of bubbles escalates in difficulty when multiple gases or non-isothermal effects
come into play. These two issues are discussed next.

2.4 Multi-component bubbles

Up to this point, the discussion has surrounded mono-component bubbles. In practical
settings, however, bubbles may involve more than one gas. Cable & Frade [60] recognized
as much for glass melts. Motivated by this, they proposed an elaborate numerical scheme
to determine the radius of a multi-component bubble. The full diffusion equation was
solved using two key assumptions to simplify the problem:

1. The dissolved gas concentration for each gas species is independently bounded by
a diffusion equation.

2. The gases are ideal, and consequently do not interact. In turn, the fluxes indepen-
dently obey Fick’s first law.
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Cable & Frade [60] simulated numerically different scenarios for bubble growth by varying
either the number of gas species (between two to five), or the initial composition of the
bubble. Surface tension or rheology effects were not considered. The physical origin of
the driving force was not addressed, nor the practical conditions necessary for achiev-
ing either oversaturation or undersaturation. Nevertheless, interesting bubble behaviors
were theoretically put forth. For example, upon growing, bubble composition evolved in
non-trivial ways during the first stages of growth. In some cases, the mole fraction of
individual species exhibited a non-monotonic behavior. Ultimately, bubbles reached an
asymptotic regime (R ∼

√
t) wherein composition became constant despite the bubble

growing continuously. Similarly, the bubble radius could vary non-monotonically albeit
with only one inflection, that is to say, in some cases, bubbles would initially shrink, and
then grow, but an additional reversal was never observed.

More recently, Gor & Kuchma [61] provided their own theoretical analysis for the growth
of multi-component bubbles, using a two-component bubble as an example. After some
involved arguments, the authors’ arrived at a self-similar solution, whereby (in Einstein’s
notation) R =

√
2Dibit, with Dibi = Cte, and Di is the diffusion coefficient of the gas

species i, while bi is a non-dimensional parameter that reflects the gas density. The
solution is pre-supposed valid only for a constant composition bubble parting from the
work of Cable & Frade [60].

2.5 The role of temperature

When inducing bubble growth/shrinkage by pressure changes under isothermal condi-
tions, the driving force is linearly dependent on the applied pressure. The direction,
oversaturation/undersaturation, standing in direct relation to either increasing or reduc-
ing the pressure. Under non-isothermal conditions, i.e., when temperature varies with
time, the driving force continuously evolves in non evident ways since f is now given by
(assuming isobaric conditions)

f =
H(TI)

H(TII)
(2.24)

where TI , TII denote arbitrary initial and final temperatures, and the solubility H in
time may either increase, decrease, or be non-monotonic depending on the nature of the
embedding medium. Moreover, solubilities generally evolve exponentially rather than
linearly. Evidently, diffusive bubbles triggered by temperature variations offer interesting
research avenues. Surprisingly, the body of work on this area is rather scant. Webb et
al. [4], who have one of the few publications on this area, concede as much.

Possibly, one of the first publications on bubbles growing under non-isothermal conditions
belongs to Frade & Cable [62]. In here, said authors considered numerically a mono-
component bubble subjected to a heating ramp. The solubility and diffusivity parameters
were varied with temperature. A remarkable finding in their work was that bubbles always
grew regardless of increasing or decreasing the solubility with temperature when heating
(Figures 5, 6 in their paper). Bubbles only shrunk under cooling.

Webb et al. [4] provide one of the most recent works on the subject by showing that air
bubbles that naturally dissolve at room conditions because of surface tension in a hydrogel
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(Xanthan gum gel) can grow after heating. In this case, it was demonstrated, both
experimentally and numerically, that air and water vapor progressively fill the bubbles,
thereby preventing dissolution, i.e., both gases work in tandem to swell bubbles as in
ordinary liquid water. In this respect, one gas (air) was modeled as a diffusive species
via one of its constituents (oxygen), while the vapour pressure of water was considered
instantaneous as typical of thermodynamic equilibrium. The finiteness of the system was
taken into account by assigning a finite gas volume to bubbles as is customary in the
related field of foams [63].

In the solid-like polymeric materials herein studied, the solubility behavior is intricately
linked to the polymer structure. Hence, the driving force varies in a complicated manner.
To ease the reader into the subject, the next section provides a brief description of mass
transport in such polymers as a function of temperature.

2.5.1 Temperature effect on mass transport in polymers

The mass transport properties of gases in polymers are ordinarily found to obey an
Arrhenius type of behavior [64]

ln(H/Ho) = −∆Hs

RuT
+ ln p (2.25)

ln(D/Do) = − Ed
RuT

, (2.26)

where H,D are the solubility and diffusion constants respectively, ∆Hs is the heat of
solution, Ed is the activation energy for diffusion, Ru is the ideal gas constant, T is the
temperature, and p is the partial pressure of the gas surrounding the polymer. The factors
Ho, Do represent the transport behavior at infinite temperature, and are routinely found
by regression. Physically speaking, however, they are of little value. In this sense, it is
better to re-write the above equations in terms of a reference or ground state

ln(H/Href ) = −∆Hs

Ru

(
1

T
− 1

Tref

)
+ ln p (2.27)

ln(D/Dref ) = −Ed
Ru

(
1

T
− 1

Tref

)
, (2.28)

wherein Href , Dref are well-defined mass transport properties at the temperature Tref .
The latter expressions are trivially obtained by simply taking the ratio of the either
the solubility or diffusivity at two different temperatures, whilst arbitrarily selecting a
reference.

The diffusion coefficient has always been found to increase with temperature, and hence,
Es > 0 [64, 65, 66]. Nevertheless, the activation energy is a function of molecule size,
may vary depending on dissolved gas concentration, and is only constant over a narrow
temperature range [64, 65, 67, 68]. Regrettably, many such features lack quantitative
physical descriptions from the molecular level and rely frequently on empirical relations for
their description—often of the exponential kind. Furthermore, diffusion may be Fickian,
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or (broadly) anomalous, depending on the thermodynamics of the system in relation to
the glassy state [64, 69]. The latter can be assessed by computing a diffusive Deborah
number DD

e [66]

DD
e =

λ

tdiff
, (2.29)

where λ is the characteristic time of polymer relaxation, and tdiff is the characteristic
diffusive time. For DD

e < 1, diffusion is assumed Fickian. Note that the Deborah number,
more generally, quantifies the degree of elasticity exhibited by the system during a time
of observation tobs [70].

The physical behavior of the solubility is similarly involved. For expeditious purposes,
we keep the discussion focused on polymeric materials having a backbone comprised by
carbon groups—the broad chemistry of PVB. In such family of materials, Van Ameron-
gen [68] has experimentally shown that the solubility of so-called permanent gases (N2,
O2, H2) increases with temperature. Meanwhile, that of gases such as CO2 decreases when
raising the temperature. The heat of solution can be considered as originating from a bal-
ance between the heat of condensation and heat of mixing, to wit, ∆Hs = ∆Hcond+∆Hm

[71]. Note that Hm > 0. For permanent gases, ∆Hcond ≈ 0, thereby resulting in an in-
creasing solubility (∆Hs > 0). The opposite holds for condensable gases such as CO2 or
hydrocarbons, wherein ∆Hcond � ∆Hm, and thus, the solubility decreases with temper-
ature (∆Hs < 0) [64, 66, 71]. The apparent driver being the state of the gas in relation
to the critical point (temperature) [68]. As a rule of thumb, when working significantly
above the critical point temperature, the solubility roughly increases with temperature.
Lastly, the solubility behavior, like diffusion, may be impacted by the glass transition.
For instance, Meares [72] has observed that ∆Hs can flip in sign around Tg in systems
such as Polyvinyl Acetate (PVAc) for gases like O2 or N2.

The behavior of nitrogen across carbon-based polymeric materials is of practical inter-
est for the present work as a proxy for air. The solubility of N2 is difficult to measure
for various reasons. Being an inert gas, the dissolved concentrations are typically very
small. Moreover, carbon-based polymeric materials may degrade at elevated tempera-
tures, thereby complicating the measurements. Nevertheless, based on the data available
in the literature, some apparent truths for N2 can be derived. The solubility, while small,
is more or less comparable across materials such as natural rubber, methyl (synthetic)
rubber, polyisoprene, or butyl rubber to name a few. The order of magnitude is about
10−3 [kg/kg x bar-1 x 100]. As will be discussed in the next section, the solubility generally
increases with temperature, with ∆Hs ∼ 1 kJ mol-1. Meanwhile, the diffusion coefficient
at 25◦C is around D ∼ 10−11 m2 s-1, with an activation energy Ed ∼ 104 J mol-1.

2.5.2 Bubbles by time-temperature effects

The combination of polymeric systems with time-temperature variations naturally in-
volves more than one gas, i.e., bubbles are inherently multi-component. As a hypothetical
example, we examine natural rubber from the perspective of gases routinely found in the
atmosphere such as nitrogen, and carbon dioxide. The critical temperature is −14.7◦C for
N2 and 31.2◦C for CO2. Consequently, such gases must follow different thermodynamic
paths in this rubber upon heating from room conditions. Indeed, we find ∆HN2

s > 0
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and ∆HCO2
s < 0 [68]. Thus, when heated, natural rubber absorbs nitrogen while giving

off carbon dioxide. From the thermodynamic point of view, the driving force for each
gas is fN2 < 1 and fCO2 > 1. Therefore, we might qualitatively associate N2 with bub-
ble dissolution as the material becomes respectively undersaturated. Accordingly, CO2

would be linked with bubble growth due to oversaturation. The end state of such a
hypothetical bubble entails an intricate competition between gases having different ther-
modynamic preferences. The problem simultaneously entangles separate driving forces
and mass transport properties that continuously vary with time and temperature, depend
on the initial amount of gases dissolved in the material, the initial composition of the
bubble, the relative speed of the gases to one another, plus the rheology of the system.
This general problem, as herein formulated, has not been addressed in the literature.

2.5.3 An illustrative mock-up two-component bubble

We start treating the above problem by considering a hypothetical multi-component
bubble embedded in an infinite medium. The latter is bereft of elasticity, viscosity, or
surface tension effects. The driving force is constant and may correspond to a step change
in either pressure or temperature. Following Cable & Frade [60], each gas j is assumed to
have a separate concentration profile compliant with the diffusion equation but convective
effects are disregarded, namely,

∂cj
∂t

= Dj∆cj. (2.30)

The flux for each gas is obtained employing Fick’s law

Jj,r=R = −Dj∇cj,r=R. (2.31)

Let us assume that the concentration profile is homogeneous in time and space, i.e.,
Dj∆cj = 0. From this assumption, the variation in time of moles for each gas is identical
to eq. (2.5), albeit with the time dependency suppressed. By enforcing conservation of
mass, we have for a two-component bubble having gases a, b

dn

dt
=
dna
dt

+
dnb
dt

= −4πR(Daδa +Dbδb) (2.32)

where, as before, δ = cs − ci.

We recall eq. (2.7)

dn

dt
= 4πR2

(
dR

dt

)
Po
RuTo

,

and slightly modify it to expressly highlight the presence of the second species. This is
performed by acknowledging that the molar density ρ of the gas is

ρ =
n

V
=

Po
RuTo

=
na
V

+
nb
V

= ρa + ρb. (2.33)
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Accordingly, the antecedent mol differential from the ideal gas law now becomes

dn

dt
= 4πR2(ρa + ρb)

(
dR

dt

)
. (2.34)

Equating expressions (2.32) and (2.34) yields an expression for dR/dt

dR

dt
=
−Daδa −Dbδb

ρa + ρb

(
1

R

)
. (2.35)

The latter is trivially integrated in similar fashion as eq. (2.10)

R2 = 2
−Daδa −Dbδb

ρa + ρb
t+R2

o. (2.36)

Equations (2.35),(2.36) are essentially analogous to equations (15),(26) from Gor &
Kuchma’s [61] publication for a self-similar solution. Our route is nevertheless much
shorter. More importantly, however, we are not bound to grow, nor self-similarity. Part-
ing from either of eqs. (2.35),(2.36), three distinct physical possibilities are identified:

� Case I: the medium is undersaturated in both gases a and b. In here, δa, δb > 0→
dR
dt
< 0, and the bubble shrinks.

� Case II: oversaturation with respect to a and b. δa, δb < 0 → dR
dt

> 0, and the
bubble grows.

� Case III: the medium is—without incurring in loss of generality—undersaturated
with regards to gas a (δa > 0) and oversaturated in gas b (δb < 0). In this context,
a bubble may remain static whenever

Daδa = −Dbδb →
dR

dt
= 0, (2.37)

or grow when

Daδa < −Dbδb →
dR

dt
> 0, (2.38)

and may even dissolve provided that

Daδa > −Dbδb →
dR

dt
< 0. (2.39)

The destiny of a two component bubble with gases flowing in opposite directions is driven
by a comparison of the product of the speed of the gases (diffusion) times the driving
force (in this case given as δ). Logically, we conclude that the fastest diffusing gas
does not necessarily dominate the kinetics of the problem. A slow gas, under a high
driving force towards either dissolution or growth, may very well overpower a faster gas.
Moreover, under heating, gases may evolve at different rates, both in terms of solubility
and diffusivity. Theoretically speaking, over a temperature ramp, gases can exchange
control of the bubble. Hence, the evolution of the bubble radius may be non-monotonic
in interesting ways.
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2.5.4 A non-isothermal kinetic model

We illustrate now a bubble model for non-isothermal conditions considering multiple
gases. The example is constrained to two gases, but may evidently be expanded to more
components. The model builds on assumptions previously discussed. To start, each gas
has a separate Fickian concentration profile in the medium. The latter is infinite. Gas
fluxes across the bubble boundary are independent, i.e., gases are ideal. Under these
assumptions, the variation of moles for each gas in the bubble is governed by

dna

dt
= −4πR2Da(cas − cai )

(
1

R
+

1√
πDat

)
(2.40)

dnb

dt
= −4πR2Db(cbs − cbi)

(
1

R
+

1√
πDbt

)
. (2.41)

The driving force for the gaseous exchanges between the bubble and the medium is the
difference in thermodynamic equilibrium brought about by changes in temperature, as
given by cs − ci, since cs = f(T ). At saturation conditions, cs = ci and thus the system
is stationary.

During the mass transfer process, temperature is assumed uniform in space (or at least
locally in the vicinity of the bubble) with a known relationship with time, for instance,

dT

dt
= α. (2.42)

We assume that cs follows Henry’s law with an Arrhenius-type temperature dependency.
If ∆Hs < 0, the gas solubility decreases with temperature. The opposite holds for
∆Hs > 0. The diffusive process is similarly temperature activated. Accordingly, the
mass transport properties for each gas obey eqs. (2.27),(2.28). The activation energy for
diffusion as well as the heat of solution are constant. There is no effect of gas concentration
on the transport properties.

Conservation of mass holds in the bubble system. As a result, we can determine the total
mass flux at the bubble’s interface, i.e.,

dnB
dt

=
dna

dt
+
dnb

dt
, (2.43)

where dnB/dt represents the time variation in moles inside the bubble.

We can now derive an expression for the evolution of the bubble’s radius R with time
by invoking the ideal gas law. In this context, eq. (2.6) is used in the general differential
form. The number of moles, the bubble pressure, and temperature are all a function of
time. Solving for dR/dt yields

dR

dt
=

1

4πR2

Ru

PB

(
nB

dT

dt
+ T

dnB
dt
− nBT

PB

dPB
dt

)
(2.44)

where the subscript B explicitly references bubble properties/quantities.
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We now write expressions for the evolution of the bubble’s composition with time in
terms of the mole fractions for each component xa = na/nB, xb = nb/nB, noting that
xa + xb = 1. Upon differentiation, we find

dxa
dt

=
1

nB

(
dna

dt
− na
nB

dnB
dt

)
(2.45)

dxb

dt
= −dx

a

dt
. (2.46)

By using Dalton’s law of partial pressures for each gas, i.e., pa = PBx
a, pb = PBx

b, we
can similarly write in differential form

dpa

dt
= xa

dPB
dt

+ PB
dxa

dt
(2.47)

dpb

dt
= xb

dPB
dt

+ PB
dxb

dt
. (2.48)

To close the system of equations, a constitutive equation is needed so that

PB = pa + pb = Po − τrr. (2.49)

In the inviscid case without surface tension, the system is closed by

dPB
dt

= 0. (2.50)

For an elastomer whose G value is constant with temperature, the latter is replaced by

dPB
dt

=
2G

R

(
Ro

R
+
R4
o

R4

)
dR

dt
(2.51)

Equations (2.40)-(2.49), with a constitutive equation for the extra-stress at the bub-
ble boundary, constitute the minimum ingredients for a two-component bubble grow-
ing/shrinking by mass diffusion under time-temperature variations. For illustrative pur-
poses, the above system is solved below for an inviscid liquid, plus an elastomeric medium
supposing an initial 10µm bubble. To simplify the computation, numerics wise, the term√
πDt was neglected. The latter eventually vanishes, making the contribution less impor-

tant. Mass transport properties were taken for natural rubber from Ref. [68]. The system
of differential equations is solved numerically in Python 3.0. The bubble initially contains
air (approximated by N2), and CO2 in a proportion representative of atmospheric condi-
tions (0.04% for the latter species). As a result, bubbles are extremely rich in nitrogen
initially, composition wise, in comparisson to carbon dioxide. Gas a corresponds to N2,
while gas b denotes CO2. A heating rate of 1◦C min-1 is enforced linearly from 25◦C to
50◦C. At t=0, the initial conditions are respectively

T = To = 25◦C
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R = Ro = 10µm

PB = Po = 1 atm

pb = 0.04%Po

pa = Po − pa

xb =
pb

Po

xa =
pa

Po

nB =
PBVo
RuTo

nb = nBx
b

na = nBx
a

cbi = Hb
ref exp

(
−∆Hb

s

Ru

[
1

T
− 1

Tref

])
pb

cai = Ha
ref exp

(
−∆Ha

Ru

[
1

T
− 1

Tref

])
pa.

where PB=1 atm is indistinct for the inviscid or elastomer’s cases. Surface tension is
disregarded.

Figure 2.6(a) shows the evolution of the bubble radius as a function of time for various Ro

sizes. The medium is a hypothetical dummy inviscid liquid having the same mass trans-
port properties as natural rubber. In the figure, a non-monotonic behavior is observed
as a function of the initial bubble size. This is similar to the observations made by Webb
et al. [4]. In their case, however, bubbles tended naturally towards dissolution because of
surface tension. The non-monotonic behavior arising in this respect from a competition
between the latter force against the gases feeding the bubble under heating. In the case
of Figure 2.6(a), the bubble is initially completely at equilibrium. The evolution of the
radius depends entirely on the gases competing against one another.

The different bubble sizes serve as an example of the scenarios predicted by the mock-up
bubble (Case III). For small Ro, dissolution is driven by nitrogen, and the bubble—in a
behavior contrary to liquids—shrinks by heating. For the bubble having Ro = 100µm,
a type of plateau is observed. Therefore, for this bubble, the gases are roughly evenly
matched, at least in the simulated timescale. For the largest bubble Ro = 1mm, a slight
growth is observed, thereby suggesting that carbon dioxide is dominating the kinetics.
Webb et al. [4] explained the non-monotonic behavior as a function of Ro by noting
that the mass gained/lost by the bubble scales with R (see eqs. (2.40), and (2.41) when
R �

√
Dt) while the mass contained therein scales with R3. Evidently, this reasoning

applies here too. In simple terms, this signifies that large bubbles have sufficient mass
to withstand dissolution long enough until another gas, in our case CO2, can inflate the
bubbles. Lastly, note that a fully dissolved bubble requires that the CO2 initially present
in the bubble finally escape it. Hence, CO2 reverses its direction against its apparent

33



thermodynamic preference. Otherwise, the bubble will shrink, attain a minimum value
until it is filled by CO2, and then grows. We will offer evidence of this reversal later on.

Figure 2.6(b) depicts the radius progression for a 10µm bubble as a function of the shear
modulus G. The case of G = 0 is that of the ideal liquid. As previously observed in
connection with Figure 2.3(b), the dissolution of this bubble is arrested by the elasticity
of the elastomer. The final size being dependent on the stiffness of the material. For
the highest elasticity value (G = 105 Pa), the bubble is again practically stationary (in
fact, while hardly noticeable, the bubble shrinks a minute amount). For the elastomeric
case, the elasticity simultaneously prevents complete dissolution and ensures that the
bubble stays in the nitrogen dominated regime across all moduli. When decreasing G,
the effect of nitrogen is clearly marked. Finally, we must emphasize the curious behavior
of deflating bubbles by heating.

Figures 2.6(c),(d) simulate again case (a) with the intent of probing the effect of Ro under
various elasticity levels. To this end, two disparate elasticity levels were surveyed, G = 102

Pa (hydrogel range), and G = 105 Pa (elastomer scale). For the soft elasticity case, most
bubbles behave virtually identical as the liquid case. Thus, even under a varying force,
the soft state is again representative of the liquid case as found for the constant driving
force situation. This holds except for very small bubbles, wherein complete dissolution
is stopped by elasticity in comparison to the liquid case. For the high elasticity scenario,
bubbles are practically immobile regardless of size. Thus, compared to the liquid case or
hydrogels, elastomers with a constant shear modulus are more resilient to the effect of
Ro when it comes to bubbles growing or dissolving under temperature variations.

Figures 2.7(a),(b),(c) depict the evolution of a 10µm bubble, wherein the initial bubble
composition was altered. Specifically, the CO2 concentration was increased in relation
to atmospheric conditions. Experimentally, this may be achieved by pressurizing natural
rubber within a sealed volume having a controlled CO2, N2 atmosphere, and subsequently
heating the polymer while keeping the atmosphere constant. Figure 2.7(a) displays the
results for the inviscid case. In here, a non-monotonic behavior is observed, but now
stemming from the initial CO2 concentration. In this respect, increasing the amount of
CO2 in the system above roughly xCO2 = 8% leads to immediate growth, rather than
dissolution for equal sized bubbles. For the bubbles that fully dissolve, the increase in
CO2 lengthens the dissolution time. Figure 2.7(b) shows the elastomeric case. For the
latter, an intermediate elasticity (G = 103 Pa) was selected to showcase the singular
behavior of bubbles in the system. Again, a non-monotonic evolution is observed as
with the liquid case. Bubbles that fully dissolve away in the dummy liquid, only shrink
by about 12%-35% as visually appraised from the figure. The same figures are roughly
applicable to growth as well. Figure 2.7(c) provides a close-up view of Figure 2.7(b). In
here, close attention to the curve corresponding to xCO2 = 7.5% reveals two inflections.
The bubble initially grows for about 200 seconds, followed by prolonged dissolution until
approximately 900-1000 seconds. Theafter, growth ensues again. Therefore, in contrast
to Cable & Frade [60] under a constant driving force, bubbles growing by temperature
variations can exhibit more than one inflection in the evolution of the radius with time.
This, as discussed with the mock-up bubble example, is a result of combining (1) a
diffusion coefficient that is changing, plus (2) a driving force that is likewise evolving.

Figures 2.8(a),(b) illustrate the composition of the bubbles for the cases of xCO2 =
5%, 7.5% from Figures 2.7(b),(c). The former case corresponds to a shrinking bubble,
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Figure 2.6: Simulated bubble behavior under a temperature ramp from 25◦C to 50◦C.
(a) Bubble radius as a function of initial Ro size in an inviscid liquid. (b) Idem, as a
function of elasticity for Ro = 10µm. (c),(d) Same as case (a) for two different elasticity
levels. The horizontal line at R/Ro is meant to highlight the reference state.
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Figure 2.7: (a) Bubble radii as a function of initial CO2 concentration for an ideal, inviscid
liquid. (b) Bubble radius for the elastomeric case at G = 103 Pa. (c) Zoomed-in view
of (b) depicting multiple inflections in the evolution of the bubble radius for an initial
carbon dioxide concentration of xCO2 = 7.5%. The horizontal line at R/Ro illustrates the
reference state.
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Figure 2.8: (a) Mol fraction of gases for bubbles having an initial CO2 concentration
of xCO2 = 5%, 7.5%. The former concentration leads to bubble shrinkage, while the
latter results in a non-monotonic evolution of the bubble radius. The red curve denotes
nitrogen, while the blue curve represents carbon dioxide. (b) Evolution of moles with
time inside the bubble for the cases in item (a).

while the second one is the highly non-monotonic case recently discussed. Figure 2.8(a)
plots the mole fraction for each bubble, whence it is shown that as time progresses, the
bubble is filled by CO2. However, the curves make it difficult to assess the fluxes of each
gas. To this end, Figure 2.8(b) provides the evolution of the moles for N2, CO2. For
xCO2 = 5%, the bubble initially loses N2 but gains CO2 as expected from thermodynamic
considerations. Nevertheless, as time advances, the loss of N2 accelerates, and simulta-
neously, the bubble starts to likewise lose CO2 as well. For the case of xCO2 = 7.5%, the
bubble starts practically in the same manner by absorbing CO2 while giving off N2 to
the medium. Nonetheless, as time passes, the bubble rapidly gains CO2, while it starts
to only slowly cede N2, until it starts absorbing the latter gas. Thus, in these two cases,
the gases are somehow influencing one another. This peculiar behavior stems from the
shared enclosure containing the gases, i.e., the bubble. As a thought example, we can
consider the following case for a dissolving bubble: if nitrogen is driving the dissolution,
the bubble shrinks. As a result, the CO2 gas observes a smaller volume than otherwise
mandated by its equilibrium conditions. Thus, to equilibrate, the bubble must actually
give off CO2 rather than adsorb it. The opposite, evidently, holds for N2 in our case
during growth. This reversal explains why a bubble can fully dissolve in the liquid case
despite including a species that becomes insoluble with temperature.
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Chapter 3

Materials & methods

3.1 An extended introduction to PVB

As depicted in Figure 3.1, PVB is comprised by three monomers, namely, vinyl acetate,
vinyl alcohol, and vinyl butyral. In terms of composition, typical blends may include
about 1-4%wt, 11-27%wt, and 69-88%wt of each monomer respectively [73, 74, 75]. The
polymer is synthesized by first polymerizing (poly)vinyl acetate (PVAc), followed by hy-
drolysis into (poly)vinyl alcohol (PVOH), and subsequent incomplete condensation with
n-butyraldehyde [5, 76]. Additionally, a plasticizer might be employed for decreasing the
glass transition temperature Tg from approximately 74±2◦C to roughly 16±2◦C [76]. Ex-
amples of plasticizers include dibutyl sebacate, triethylene glycol di-(2-ethylhexanoate),
or dihexyl adipate with concentrations ranging from 20%wt to 30%wt [76, 39, 27]. Plas-
ticizers typically have a carbon backbone rich in oxygen.

In terms of presentation, PVB is customarily found in either powder form, or as a thin
sheet. The former is used in the production of different adhesives, coatings, inks, or
paints [74]. The latter is employed in layered assemblies, such as laminated safety glass
or solar panels. Different interlayer (sheet) flavors exist as a function of application. For
example, Eastman offers RB41 for classical glass or building applications, QS41 for sound
insulation, DG41 for structural (load-bearing) purposes, and the S series for solar panels
[77, 78, 79, 80].

Figure 3.1: The three monomers in Polyvinyl Butyral (PVB) [39].
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3.1.1 Physico-chemical behaviour

The behaviour of PVB is intimately related to its chemical make-up, especially when it
comes to hydroxyl (OH) groups coming from the PVOH monomer. For instance, Figure
3.2 summarizes data from Ref.[81] regarding Differential Scanning Calorimetry (DSC)
measurements for various blends of unplasticized PVB in terms of OH content. The
figure shows that increasing the number of OH groups from roughly 14%wt to 89%wt
raises the glass transition temperature from 71◦C to 86◦C. Additionally, the presence,
or lack thereof, of endothermic fusion peaks in DSC delineates the transition between
the amorphous and crystalline states. This occurs at roughly 63.3%wt of OH content.
Therefore, PVB, as used in the glass industry, is in the amorphous state.

OH groups are polar in nature and are thus prone to hydrogen bonding. Previous studies
from Saint-Gobain have demonstrated that the collective strength of the bonds, and their
effect on PVB, depends on OH concentration and intermolecular distance. For instance,
Klock[82] has shown that the Young modulus of PVB increases significantly, from ∼106

Pa to ∼108 Pa, when augmenting the concentration of hydroxyl groups from roughly
∼30%wt to ∼50%wt1. Meanwhile, Mertz[83] demonstrated that H-bonds progressively
break when PVB is stretched, thereby suggesting that OH molecule proximity plays a
key role on the strength of the bonds.

Figure 3.2: PVB Glass transition temperature as a function of hydroxyl content. The Plot
summarizes data from Table I in Ref. [81] pertaining to Differential Scanning Calorimetry
(DSC) measurements.

A phase-separated system

Plasticizers, in addition to lowering the glass transition temperature, soften the interlayer
[82, 83]. The classical view is that plasticizers work by increasing the relative distance
between OH molecules [39]. On this point, Ref.[84] has experimentally shown that plasti-
cized PVB is more accurately represented by a two-phase system including regions rich in

1The data from Klock[82] is originally presented on a molar basis. The latter was recomputed here
to %wt to verify that PVB was in the amorphous state. A plasticizer concentration of 26%mol, with
M ∼ 300 g/mol was assumed.
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either polymer or plasticizer. This outlook has been expanded in Ref. [85], wherein the
foregoing two phases are differentiated by the number of hydrogen bonds formed therein.
Regions rich in plasticizer have fewer hydrogen bonds and are accordingly more mobile.

The hereinabove picture is strengthened by studies on the nature of hydrogen bonding
in simpler PVOH-water binary mixtures. As described in Ref.[86], molecular dynamics
simulations for dilute solutions predict that PVOH intra-chain H-bonds are thermody-
namically preferred, i.e., the chain folds on itself when in the presence of water. In similar
fashion, when increasing the number of chains, interchain hydrogen bonds between PVOH
are favoured as well. Equally noteworthy, H-bonds arising between OH molecules from
polymeric chains are stronger than those stemming from the same molecules with water.
These facts, when taken together, lead to the conclusion that PVOH chains display a
strong affinity towards themselves, even when interacting with a highly polar compound
such as water. Moreover, the strength of the hydrogen bond, even when involving the
same species, in this case hydrogen and oxygen, differ greatly depending on whether the
bond joins molecules from the polymer chain, or the later with solvent (water) molecules.
By analogy, phase-separation into polymer-rich or plasticizer-rich regions in PVB sug-
gests that PVOH chains keep a high level of affinity even when surrounded by a more
complex system, namely, plasticizer molecules, in comparison to water. As such, hydro-
gen bonds between PVOH chains would be hierarchically more favourable and stronger
than similar bonds with other polymer or plasticizer molecules.

A brief survey of the PubChem database [87, 88, 89, 90, 91, 92] reveals that common
plasticizers possess a hydrogen bond acceptor count ranging from four to six, while the
hydrogen bond donor count is equal to zero. The former represents the number of oxygen
molecules in the backbone of the chain, while the latter implies that there are zero hydro-
gen atoms for H-bonds. Additionally, the plasticizer chain is roughly 7-10 times larger
than the individual PVOH chain. From these facts, we can conclude that plasticizer
molecules do indeed space OH molecules apart. However, plasticizer molecules are not
inert. In fact, they can actively participate in hydrogen bonding with OH molecules.
Nevertheless, as described above, such bonds are probably weaker in comparison to
inter/intra-chain PVOH H-bonds.

3.1.2 Performance in safety glass

PVB plays a crucial role in laminated safety glass by bonding the glass layers together,
particularly during impact. As explained by Elzière[39], the response of the glass assembly
is strongly related to the level of adhesion developed between the PVB film and the glass.
If adhesion is too small, delamination can occur. On the other side of the spectrum, if
adhesion is too high, the assembly can be perforated when impacted by a projectile. The
level of adhesion can be modified by the use of chemical agents, but is also affected by
PVB chemistry, and the presence of moisture [5, 39, 82, 93]. As shown in Figure 3.3,
Klock[82] quantified experimentally the effect of the latter two on adhesion via peeling
tests; these consisted in measuring the force required for de-laminating PVB from glass.
In Figure 3.3(a), the force required to separate PVB from glass increases monotonically
when augmenting the OH content, but, as shown in Figure 3.3(b), the force decreases
significantly with increasing PVB moisture. In this respect, the classical view is that
adhesion is mostly developed by hydrogen bonding between the OH groups in PVB and
the silanol (Si-OH) groups on the glass surface [5, 93].
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Figure 3.3: (a) Peel test force versus OH %mol content. Plasticizer concentration was
fixed at 26.5 %mol, while the traction rate (peeling speed) was 10 mm/mim, (b) Idem as
a function of water. PVB contained 43.4 %mol of OH. Adapted from Klock[82].

3.1.3 PVB rheology

The PVB mechanical response was already introduced in Section 1.5. Nonetheless, in
the spirit of completeness, the topic is extended here. As previously discussed, the shear
relaxation modulus G(t) of PVB is a strong function of time and temperature. In the
more general case, the mechanical behaviour is also a function of the rate and magni-
tude of deformation [32, 39]. Botz et al.[94] and Desloir et al.[95] have shown that the
response is further impacted by the amount of water dissolved in the PVB bulk. In both
cases, increasing amounts of water led to a softening effect in PVB. Desloir et al.[95] ad-
ditionally showed that (1) water functions as plasticizer by lowering the glass transition
temperature, and (2) too much water leads to a segregated water-polymer system. Misra
et al.[27] provide more evidence of this two-phase system. By performing light scattering
experiments with PVB, the authors showed that at high water contents, PVB becomes
increasingly hazy, hence signalling a second phase (water condensation).

Several techniques are found in the literature for characterizing the mechanical behaviour
of PVB: classical tensile tests [32, 39, 95], DMA in tension [32, 37, 38, 39, 95], large-
bending of glass piles [35, 37], shear rheometry [39, 35], creep tests [94], and double-
lap joint experiments [36]. As a result, plenty of characterizations exist, yet none are
directly applicable nor suitable for studying bubble phenomena. The latter requires
a high-temperature, long-timescale characterization representative of autoclave cycles,
and bake/aging tests. Nevertheless, many great insights are gained by looking back at
previous characterizations.

Across the many works cited above, the one constant is that PVB is thermorheologically
simple, i.e., the mechanical response obeys the principle of time-temperature superpo-
sition (TTS) [32, 37, 38, 39]. In plain terms, this means that the response at cold
temperatures and long timescales is equivalent to the one observed during comparatively
shorter times at hot temperatures. This concept is sketched in Figure 3.4, wherein re-
laxation curves at different temperatures are horizontally translated by means of a shift
factor 1/aT to yield a single curve at an arbitrary reference temperature Tr—the so-called
master curve. The shift factors, by rheological convention, are defined as:

41



Figure 3.4: Principle of Time-temperature superposition (TTS). Relaxation curves can
be shifted horizontally to produce a master curve at an arbitrarily selected temperature
Tr.

aT =
ωr
ωT

=
tT
tr

(3.1)

where the subscripts r, T denote frequencies/times at the reference temperature Tr and
an arbitrary temperature T .

The distribution of the shift factors is customarily described using the WLF law[96]:

log(aT ) =
−C1(T − Tr)
C2 + T − Tr

(3.2)

where C1, C2, while in principle universal, are often in practice material specific constants.

In the more general sense, Equation 3.2 applies to any viscoelastic property[97]. Strictly
speaking, the law is presupposed valid only in the range of Tg + 100◦C for amorphous
polymers. The window of applicability is frequently set aside in the case of PVB, and the
law is used to describe the shift factors deeply in the glassy state. Finally, the shift factors
are temperature dependent, i.e., their magnitude stands in direct relationship with Tr.
Nevertheless, they can be shifted to a new temperature T using the below expressions
[38]:

C1,T =
C1,rC2,r

C2,r + T − Tr
(3.3)

C2,T = C2,r + T − Tr (3.4)

After obtaining the master curve, the commonplace approach for describing the data is
to use a Generalized Maxwell model with a long-term elastic response. As illustrated in
Figure 3.5, this is embodied by ni Maxwell elements connected in parallel, wherein each
element is constituted by one spring in series with a dashpot. The general equation reads:

G(t) =
n∑
i=1

Gi × exp
(
−t
λi

)
+G∞ (3.5)

where Gi, λi are the spring constant, and relaxation time for each Maxwell element i.
The relaxation time is the ratio of the viscosity constant of the dashpot element, ηi to
the spring constant, namely, λi = ηi/Gi.
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Figure 3.5: Generalized Maxwell model for a viscoelastic solid. The springs describe the
elastic response while the dashpots account for viscous dissipation.

At this point, we remind the reader of the issues surrounding the estimates for G∞.
As originally presented in Section 1.5, these included large gaps, of about two orders of
magnitude in amplitude, as well as an apparent temperature dependency, i.e., G∞(T )
in violation of thermorheological simplicity. To the best of this author’s understanding,
these issues have not been properly acknowledged nor addressed. For the present work,
clarifying the long-term response is mandatory from the perspective of bubble dissolution
or growth. The issue, nevertheless, is equally important for the long-term stability of
glass assemblies. In this context, Krauss[37] in his doctoral work states that reducing
G∞ is necessary when surpassing temperatures of 40◦C to be able to match DMA data
with four-point bending tests of glass piles. Aside from the aforementioned engineering
considerations, no physical explanation for this proposed reduction was provided. Yet,
his conclusion tacitly suggests that a better understanding of PVB at high temperatures
is necessary. Nonetheless, decreasing the magnitude of G∞ with temperature appears
supported by the literature. By using a combination of weeks-long relaxation/creep
tests on double-lap joints with PVB, Biolzi et al.[36] provide estimates of G∞ for -5◦C,
20◦C, 30◦C, and 50◦C. Setting the glassy state aside, the reported values therein show
a decreasing trend with increasing temperature, that is to say, a softening effect at hot
temperatures. This effect is further supported, as stated earlier, by direct comparison of
Refs. [32, 35].

Setting the issue of G∞ aside, or its philosophical implications, a high-temperature char-
acterization is still needed. The main issue being that the Maxwell model—whilst very
powerful—is highly descriptive, rather than predictive. The exponential nature of the
elements dictates that the strength of each Maxwell element, upon reaching t = λ, is
a mere 36% of its initial value and decreases thereafter to virtually zero roughly half a
decade later. Consequently, the data used to derive the Generalized Maxwell must at
least match, or better, exceed the timescale of interest. At the moment, none of the char-
acterizations in the literature appear to fulfil this requirement to study bubble formation
in safety glass during production cycles or aging tests.

3.2 Mechanical characterization of Polyvinyl Butyral

Given the focus of the present work, the main PVB formulation comprised that of classical
glass applications. In this sense, the blend used herein was identical to that of Ref. [39]
and included 1-2%wt of PVAc, 18%wt of PVOH, and 80%wt PVB. The polydispersity
index is about 1.42 when including the plasticizer (about 20% wt), and the molecular
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Figure 3.6: PVB surface roughness as seen under the microscope when positioned in
between two glass slides. The roughness vertical depth is nominally ∼40µm.

weight is approximately 200 kg/mol. All polymer samples were in the form of a thin
sheet having a nominal thickness of 0.76 mm.

A mechanical characterization for PVB was pursued in shear rheometry rather than
the more classical DMA approach to avoid the previously discussed issues with PVB at
high temperatures, to wit, polymer degradation and creeping. The foregoing issues are
satisfactory eliminated when working in a parallel plate geometry since adequate contact
with the plates can be maintained during the experiment while only exposing the edges
of material to the ambient atmosphere. However, a set of issues specific to working with
PVB in shear rheometry needed to be overcome. As discussed by Elzière[39], there is
a need to increase the sample thickness to have a reliable stress measurement in the
rheometer as the original sample is very thin. In addition, as shown in Figure 3.6(a), the
raw film displays surface instabilities (sharkskin effect) that can hinder adhesion between
the PVB sample and the rheometer plates. In this respect, the instability is a signature of
the extrusion process used to produce the PVB film. Accordingly, the surface roughness
has a preferential orientation.

To circumvent the above issues, two sheets of PVB were molten together in an autoclave
at 140◦C and 11 bar of absolute pressure. At this elevated temperature, the polymer
is able to fully relax and flow whilst the high pressure guarantees a smooth surface.
Preparation wise, the PVB sheets were first sandwiched between two layers of float glass
(10 cm x 10 cm x 2 mm), were then subsequently de-aired by vacuum (10 mbar), and
were ultimately kept sealed inside an aluminium bag for autoclaving. The PVB sheets
were prevented from adhering to the glass by the inclusion of dedicated anti-sticking films
provided by Saint-Gobain. After autoclaving, circular discs (Ø=26 mm) were cut from
the final molten layer and served as samples for the measurements. The discs were stored
in a climatic chamber, at a nominal relative humidity of 25%, for at least 48 hrs before
experimentation.

For the measurements, two different rheometers were utilized, both from Anton Paar,
belonging to the series MCR30x running on different software for the acquisition of rheo-
logical data. In both rheometers, the samples were heated by means of a Peltier heating
system including a heating bottom plate and a passive top disposable plate (Ø=25 mm).
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The normal force at the top plate was set to zero to maintain adequate contact with the
PVB sample. We further utilized a passive hood (solvent trap) to minimize temperature
losses to the outside environment. Given the high temperatures surveyed, relative humid-
ity in the rheometers was not controlled. Lastly, a fresh PVB sample was employed each
time in all the experiments. In this regard, duplicate runs for each case demonstrated a
high level of reproducibility, with minor differences attributed to experimental error.

A MCR301 rheometer was used to perform relaxation experiments whereby we investi-
gated the interlayer response as a function of temperature at a fixed strain. Specifically,
we probed the range of 60◦C-140◦C at a constant strain of γ = 1%. Measurements were
taken from hot to cold temperatures, starting at 140◦C, and decreased afterwards down
to 60◦C in steps of 20◦C. A waiting time of 10 minutes for thermal equilibrium was
observed at all temperatures before applying the strain. Finally, we selected the first
point of the relaxation at 20tr, where tr is the rise time of the strain (about 0.036 s in
our experiments). This time covered both the finite rise time (typical guidelines favour
a waiting time of 10tr for step-strain experiments, see Refs. [98, 94]) but also a slight
overshoot of the nominal strain, of about 5%-6%, across all temperatures.

A second MCR302 rheometer was employed for oscillatory measurements to determine
the master curve of the material in terms of the storage (G′) and loss moduli (G′′).
In this case, we carried out frequency sweeps from 0.1 rad/s to 10 rad/s covering the
temperature range of 20◦C to 140◦C at γ = 0.01%. As with the relaxation experiments,
measurements were taken from hot to cold temperatures. The same scheme, from high
to low, was employed for the application of the frequency. Finally, for this experiment,
a waiting time of 10 minutes for thermal equilibrium was deemed prohibitive given that
the temperature was varied in steps of 5◦C. As a result, the oscillating strain was applied
whenever the temperature was within 0.5◦C of the nominal value.

In addition to classical PVB, formulations for structural and sound-proofing applications
were also surveyed. The preparation was identical to the one described above, but the
rheometer protocol was slightly modified to investigate the glassy state. To this end,
an active hood (convection oven from Anton Paar, CTD450) was used to heat/cool the
samples. Cooling down to -40◦C was achieved by utilizing liquid nitrogen. The mea-
surements comprised frequency sweeps and were in excess of 24 hours. This situation
required that the experiment be stopped overnight and resumed the next day. Given the
high reproducibility of the measurements, only a single run for each polymer was deemed
necessary.

3.3 Mass transport: solubility & diffusivity

As discussed in the introduction of the thesis, two gases were identified as potential
culprits for bubble formation in laminated safety glass, to wit, air and water vapour.
Nonetheless, their mass transport properties in PVB needed to be properly elucidated.
To this end, gravimetric as well as near infrared (NIR) spectroscopy techniques were
employed. Measurements were performed at different temperatures to grasp the evolution
of the aforesaid parameters when the polymer is heated. The sub-sections that follow
provide the specifics for each technique.
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3.3.1 Water vapour measurements

Two methods were utilized to determine the uptake of moisture by PVB: dynamic vapour
sorption (DVS) and static sorption by chemically pure salts (Chem. S.). DVS measure-
ments were performed in collaboration with Keyvan Piroird. The method of sorption by
chemical salts was developed in-house at LIPhy by the present author. A slightly similar
method can be found in Ref. [99].

In either DVS or static sorption, a sample of PVB was placed within a controlled atmo-
sphere and subjected to various levels of water vapour chemical activity. Thereafter, the
sorption of water was determined by comparing the final equilibrium mass of PVB to the
dry state. We assumed an ideal gas behaviour wherein

a =
pw

PSat(T )
(3.6)

where a is the chemical activity, pw is the partial vapour pressure of water in the controlled
atmosphere, and PSat is the saturation vapour pressure at a given temperature T . Note
that the common metric of relative humidity is simply %RH = a× 100.

Dynamic vapour sorption

DVS experiments were performed using a DVS-intrinsic machine from Surface Measure-
ments Systems having a working temperature range of 20◦C to 40◦C. The mass and
temperature resolution were ±0.1µm and ±0.2◦C respectively. In this machine, a PVB
sample was continuously weighed while being exposed to a nitrogen atmosphere having
a pre-set amount of moisture. This was controlled automatically by the DVS equipment
by mixing dry nitrogen with water from a dedicated reservoir.

Figure 3.7(a) shows an example of a full sorption/desorption run at 25◦C for classical
PVB. The protocol included an initial segment at a = 0 to dry the PVB sample. This
was set to last 2× 103 mins (∼33 hrs). Afterwards, the activity was modified in steps of
∆a = 0.10. At each step, steady state was reached. The total run took approximately
10 days to complete. From the equilibrium mass, the sorption/desorption isotherms were
created as illustrated in Figure 3.7(b). In here, we plotted the ratio of the net mass
gained/lost by PVB, which is incidentally equal to the water sorbed/desorbed mw, to the
reference dry state mref . Finally, for this particular example, hysteresis was negligible.

Sorption isotherms for the classical PVB blend were pursued at 25◦C and 40◦C using
a new PVB sample each time. Additional PVB formulations were surveyed to probe
the effect of polymer composition on water sorption. This included the structural blend
(identical to classical PVB except for the amount of plasticizer), and pure PVB containing
different OH content. For this last case, powder at 8%wt and 18%wt of OH concentration
was procured. In all cases, the initial drying time was identical.

Static sorption

The static sorption method was utilized to obtain isotherms at temperatures above the
technical limitations of the DVS machine (40◦C). In this method, a PVB sample was
placed inside a borosilicate, autoclavable glass flask (500ml) containing therein ambient
air as well as a saturated solution of a chemically pure salt with deionized (DI) water.
The salt mixture effectively controlled the humidity of the enclosed air, and hence, the
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Figure 3.7: (a) Sample DVS sorption/desorption curve 25◦C for a classical PVB sam-
ple, (b) Corresponding sorption, desorption curves. The overlap indicates that sorption
hysteresis is negligible.

Table 3.1: Chemical salts for static sorptiona

Temperature Lithium Magnesium Sodium Sodium
[◦C] Chloride Chloride Bromide Chloride
25 11.30±0.27 32.78±0.16 57.57±0.40 75.29±0.12
a Equilibrium relative humidity as provided in Ref. [100].

sorption of water by PVB. The glass flask incorporated a pressure equalization cap to
prevent (1) the build-up of pressure at high temperatures and (2) moisture transfer with
the outside environment. In total, four flasks were produced, one per salt solution (see
Table 3.1) to create the sorption isotherms. Each flask contained about 100ml-200ml of a
given saturated solution and a lidless polypropylene copolymer cup to hold a fresh PVB
sample. The latter took the form of a 40mm-diameter disc. To determine the uptake of
water, the samples were expeditiously removed from the flask and subsequently weighed
using a high precision scale (Kern ABJ balance with a resolution of 0.1mg).

The experiment protocol is as follows: PVB samples were conditioned in a humidity
cabinet for at least 48hrs at a = 0.25. The samples were then transferred to the measuring
room and promptly weighed. From these mass readings, the reference dry state was
estimated by assuming an initial moisture concentration of 0.41%wt as obtained from the
DVS measurements (Figure 3.7). In this respect, the initial moisture has an uncertainty
approximately equal to +0.1%wt (equivalent to ∆a = 0.05), since the PVB samples
were exposed to the surrounding atmosphere (a = 0.43) during the weighing process.
Meanwhile, the salt solutions were prepared in the glass flasks by taking into consideration
the variation of the salts’ solubility in water with temperature. The solubility varies at
most by a factor of 1.5-2 in the temperature range that was investigated. Overall, the
humidity in the flasks after 48-72 hours differed, in the worst case, by about 4%RH
compared to the figures presented in Table 3.1. This discrepancy was well within the
measurement error of the hygrometer (TFA ±2.5− 3.5%RH)—notwithstanding the fact
that the flasks were briefly opened to perform the measurement (room conditions were
51.5% RH at the time of measurement). Thence, the four flasks were placed in an oven
at 40◦C for a nominal period of 3 days. The flasks were then transferred—one by one,
and while hot—to the measuring room wherein the PVB samples were rapidly taken out
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Figure 3.8: Sample diffusive fit to transient mass data at a=0.10, T=25◦C for classical
PVB during sorption.

of the glass enclosure and weighed. After completing the first round of measurements,
the PVB discs were placed back into their respective enclosures, and the process was
started anew at a different temperature in steps of 20◦C up to 80◦C. When computing
the isotherms, we assumed that the equilibrium humidity for the salt solutions was in
agreement with the literature at each temperature as per Ref. [100].

Diffusion constants and NIR spectroscopy

The DVS experiments served a double purpose. On the one hand, the steady state mass
uptake was used to construct sorption/desorption isotherms. The transient data, on the
other hand, was utilized to derive diffusion constants. Similar approaches for the latter
can be found in either of Refs. [17, 19] for PVB from the solar panel community. In
said references, diffusion constants were obtained by fitting a diffusive model to transient
WVTR data at a fixed humidity rate. However noteworthy, the results unfortunately
cannot be repurposed for the present work as they are limited to low temperatures (≤
60◦C), do not necessarily represent the same PVB blend, and were obtained at humidity
levels beyond those utilized in safety glass (60%RH and 95%RH respectively). In the
present work, the diffusion equation (Fick’s second law) was numerically fitted to the
transient DVS data. The author personally thanks Guillaume Dupeux for developing the
python routine. Figure 3.8 depicts a sample computation, wherein the diffusion equation
was fitted to the sorption data at a = 0.10 from Figure 3.7. In this example, the diffusion
coefficient was 1.01× 10−10 m2/s.

Since the DVS machine is limited to 40◦C, a different technique was required to measure
diffusion constants at high temperatures. In this context, Kapur et al. [21], motivated by
developing a better understanding of moisture transport in polymers in solar panels, have
demonstrated that water concentration can be measured non-destructively via Fourier
transform infrared (FTIR) spectroscopy. Specifically, their method consisted in producing
sandwiches of glass/polymer/glass (20 cm x 20 cm), autoclaving them, and subsequently
measuring the spectrum of transmitted light in the range of 1600 nm to 2200 nm. For
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Figure 3.9: Front and side views of the experimental set-up for near infrared (NIR)
spectrometry

the specific case of PVB, Figure 1 in their paper reveals a carbon peak representative of
the polymer between roughly 1600 nm and 1720 nm, while the moisture peak is located
in between two minima at 1880 nm and 1990 nm. A calibration curve can then be made
relating the ratio of these two peaks to the known water content in the polymer (the
latter can be obtained, for instance, via chemical titration). Even further, Kapur et al.
[21] showed that autoclaved samples gained water—in an apparent diffusive profile from
the edges towards the center—when placed within an oven. In this respect, the authors
focused on the aging test for solar panels, namely, exposure to 85◦C and 85%RH for
1,000 hours. To simplify the problem to 1-D diffusion, a moisture barrier was used on
two (opposite) edges of the glass sandwich. From there, a diffusive model from Crank
[101] for a semi-infinite plane was used to obtain the diffusion constant. Ultimately,
the diffusive behavior was only directly ascertained for EVA but not for PVB-albeit the
diffusion profile is apparent from the moisture ingress curves. However, no diffusion
coefficients for PVB were provided. No information regarding the experimental set-up,
other than the spectrometer (Perkin Elmer BX) were disclosed. Similarly, no details were
discussed regarding sample autoclaving or spectrometry preparation, aside from sample
geometry and dimensions.

A variation of the technique by Kapur et al. [21] was used to determine the diffusion
coefficient of PVB at high temperatures. With this in mind, an experimental set-up for
measuring the moisture profile in samples of safety glass was developed. As illustrated
in Figure 3.9, the set-up included a motorized translation stage (x-stage) from Thorlabs
(LTS300/M) having a working range of 300 mm and a resolution of ±5µm. A manually
driven z-stage (25 mm range), with a sample holder for glass, was mounted thereon. The
two translation stages allowed for scanning samples of glass in two dimensions in a highly
reproducible manner. The spectrometry readings were taken by means of NIRQuest
spectrometer from Ocean Optics (900 nm - 2100 nm, res. 4.8 nm). Measurements were
taken in reflectance, rather than transmission. In this respect, light was emitted using
a tungsten halogen source (360 nm - 2400 nm) in conjunction with a bifurcated 400
µm optical fiber capable of transmitting and receiving light via the same probe. The
emitted light thereof passed through the sample and was ultimately reflected back to the
spectrometer using a white reflector. This comprised a PTFE diffuser having a reflectivity
in excess of 95%. The distance between the fiber/sample and sample/reflector was equal
to 0.25mm. Finally, both the x-stage and spectrometer were connected to a PC and
operated therefrom using the respective software from the manufacturers.

While not addressed in the publication by Kapur et al. [21], autoclaved samples can
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Figure 3.10: Diffusive profile in a pre-press after 16hrs at 140◦C. The quantity on the
y-axis represents the ratio of the water to the carbon peaks. This metric can be related
to the water content in the polymer.

lose water through the edges—this will be shown in connection with Figure 3.11. To
sidestep this issue, the autoclaving step was supressed in our variation of the technique,
i.e., samples consisted in pre-press specimens. The sandwiches comprised two layers of
float glass (10 cm x 10 cm x 2 mm in size), and a 0.76 mm-thick PVB sheet conditioned
at a = 0.25 inside a climatic cabinet. The samples were bonded by slight heating in
a convection oven (15-30 mins at 90◦C), followed by nip-roll de-airing using a calender
EMS-650 common in the paper industry. Samples were produced in a grey room following
the standard procedure for safety glass samples (to be discussed in Section 3.4). To
guarantee a homogenous spatial profile in terms of moisture, samples were placed back
in the humidity cabinet after de-airing. Experiments were performed once the moisture
coefficient of variation in each sample was less than 5%. This required a period of about 25
days. Finally, a moisture barrier was placed on two edges of the glass (aluminium foil tape
by 3M, series 425), and baseline moisture profiles were taken before placing the samples
in the oven. To this effect, a single glass layer having approximately the same thickness as
the pre-press samples was used as a background reference. Measurements were performed
for samples heated to 100◦C (24 hrs) and 140◦C (16 hrs) inside a Memmert convection
oven. The oven’s air supply valve was kept open to maintain contact with the outside
environment. After removal from the oven, samples were allowed to cool for 1–1.5hrs
at room conditions before taking spectral readings. Measurements were taken from the
edges of the glass towards the center every 5 mm for a total of 10 points. Contrary to
Kapur et al. [21], samples lost water after heating in the oven in our arrangement as
shown in Figure 3.10 for the case of 140◦C. In the figure, the edge is at x=0 mm.

When working with a pre-press, the sample is not perfectly transparent. As a result,
the measured light spectrum shifts vertically as a function of local haze as depicted in
Figure 3.11(a). Indeed, when working in reflectance, it is necessary to guarantee that
the sample is properly de-aired. If too much air is present, light is scattered back to
the probe/sensor resulting in equipment saturation. Potentially, the vertical shift in the
reflectance measurement could be optimized for early detection of localized regions of
high air content. Nevertheless, this does not affect the computation of moisture content.
By comparison, the spectrum readings collapse onto a single curve in an autoclaved,
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transparent glass sample as demonstrated in Figure 3.11(b). However, as seen between the
minima at 1880 nm and 1990 nm, the moisture peak is smaller around the edge, thereby
signalling that moisture is indeed lost. Continuing with Figure 3.11(c), the shaded regions
therein illustrate the absorption peaks for PVB, and dissolved water. A python script
was written to find the maxima/minima in each region. An average of 40 measurements
across four samples yielded 1609 nm, 1710 nm for PVB, and 1873 nm, 1925 nm for water.
The maximum standard deviation for the aforesaid wavelengths was less than 4.5 nm,
which is in the scale of the resolution of the equipment. Finally, Figure 3.11(d) shows the
spectrometer calibration in terms of light absorption versus sample moisture conditioning
(%RH). To this end, samples at different moisture content were prepared, specifically at
14.5%RH, 25%RH, and 58%RH. The two humidity extremes were produced by placing
PVB samples inside a desiccant box with a salt solution of either lithium chloride or
calcium nitrate tetrahydrate respectively for at least 72 hours. A hygrometer was placed
inside the box to record the moisture in the enclosed air. Three samples for each case were
produced. Samples at 25%RH were conditioned in a humidity cabinet. The oversampling
(11 samples) at 25%RH originates from the abundance of specimens to study bubble
formation. In all cases, 7 measurements were taken, one reading every five millimeters,
starting at 20 mm from the edges. Overall, a linear calibration for the spectrometer was
obtained. Finally, absorption values from the spectrometer were directly converted to
dissolved water content by combining the obtained calibration with sorption data (e.g.,
from DVS data).

Finally, the diffusion constant was computed from data such as the those of Figure 3.10
using the semi-infinite diffusive model from Crank [101]:

C = C1 + (Co − C1)× erf
(

x

2
√
Dt

)
(3.7)

where C is the moisture concentration at a distance x, Co is the initial moisture concen-
tration in the polymer, C1 is the moisture concentration at the edge, D is the diffusion
constant, and t is the experiment time. For the diffusive fit, it was assumed that C1

was in equilibrium with the room vapour pressure. Co and D were treated as float vari-
ables. In this respect, the computed value for Co differed by about 5% (in the worst case)
compared to the mean of the baseline moisture profile. This difference is of the same
magnitude as the moisture coefficient of variation within the samples, and thus reflects
the uncertainty stemming from initial moisture inhomogeneity. For the example in Figure
3.10, D = 1.5× 10−9 m2s-1.

3.3.2 Air measurements

Mass transport measurements for air, which is herein approximated as nitrogen, were
performed by a third-party laboratory contacted by SGR in the past. The raw data was
kindly made available for the present work. The measurement principle was analogous
to the DVS experiments for water vapor. In this regard, a sample of PVB was placed
atop a scale inside a sealed enclosure, a reference mass was determined, and the uptake
of mass was determined by modifying the conditions of the surrounding atmosphere. As
shown in Figure 3.12 for a run at 20◦C, the sample was initially degassed by vacuum to
determine a reference mass. Thereafter, the sample was exposed to nitrogen at different
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Figure 3.11: Spatial spectro measurements in samples of safety glass. Edge is at x=0
mm, while the center is at x=50mm, (a) Spectra in a pre-press. The curves are vertically
shifted as a function of local haze level (interfacial gases). (b) Spectral lines overlap
forming a single curve in an autoclaved glass sample, except around the moisture peak
suggesting water is lost around the edges. (c) Sample spectrum defining the PVB, H2O
peaks used to quantify water dissolved in the polymer. (d) Spectro calibration for light
absorption versus sample relative humidity.
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Figure 3.12: Sorption of air by PVB at 20◦C.

pressures, in this example, 1 bar and 11 bar of absolute pressure, until a steady mass
reading was observed.

Many runs were performed to investigate the effect of temperature on air sorption. In this
respect, temperatures up to 140◦C were surveyed, as well as pressures as high as 11 bar.
A new PVB sample was employed in each case. Unfortunately, measurements higher than
40◦C were unsuccessful as the PVB mass never stabilized. For exemplification purposes,
Figure 3.13 presents a test at 140◦C. As seen in the figure, the mass continuously decreases
regardless of the applied pressure. In turn, this may help explain some of the anomalous
gas behavior observed by Koryavin et al.[14] at 140◦C. As will be discussed in upcoming
sections, measurements at 20◦C and 40◦C were not without issues as well and, hence, the
results had to be handled with great caution.

Figure 3.13: PVB losses mass continuously at 140◦C under a N2 atmosphere even when
under high pressure.
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3.4 Laminated safety glass

3.4.1 Laboratory preparation of samples

Samples of laminated safety glass comprised two layers of float glass (10 cm x 10 cm x 2
mm) bonded together by a thin PVB sheet having a nominal thickness of 0.76 mm. The
protocol employed for glass preparation reproduced the industrial process, albeit at the
laboratory scale. For the most part, samples were prepared at Saint-Gobain Recherche
Paris (SGR-Paris) by the present author. Nevertheless, many thanks are given to both
Nathalie Rohaut and Keyvan Piroird for their continued support in preparing additional
samples as needed, specially whenever the author could not physically travel to SGR. To
expedite this process, a laboratory lamination line was also developed at LIPhy by the
present author.

Assembly

PVB sheets were cut using a hydraulic press, dust-off with a nitrogen gun (5 bar), and
subsequently stored in a climatic chamber for at least 48-72 hrs at the standard activity of
a = 0.25. Whenever a different moisture conditioning was required, samples of PVB were
stored within a desiccant box, wherein moisture was set by a salt solution and further
monitored by means of a hygrometer. The minimum waiting time in such cases was 72
hrs. In the intervening time, layers of float glass were pre-washed with a solution of DI
water and a dedicated glass detergent, namely, RBS-50 procured from Sigma-Aldrich. In
addition, the tin and air sides2 of the glass were identified using a hand–held scanner
(TinCheck by Bohle) and duly marked. The glass layers and PVB sheets were then
transferred to a clean room for assembly. For the case of PVB, special precautions were
taken to minimize moisture transfer with the outside environment. To this end, the
sheets were sealed inside aluminum bags previously conditioned in the same climatic
cabinet utilized for PVB. For the situations where a desiccant box was employed, the
latter was transferred directly to the clean room. In either case, the PVB enclosures were
opened moments before assembling the sandwiches. While in the clean room, the glass
was thoroughly cleansed employing again a solution of RBS-50. A clean room quality
sponge was utilized to minimize the risk of leaving particulate on the glass surface. For
similar reasons, the glass was ultimately dried using a stream of pressurized nitrogen (5
bar). In all samples, the PVB film was placed into contact with the tin side of the glass.
Finally, the raw sandwiches were held together using temperature-resistant Kapton tape.

De-airing

After assembly, the glass sandwiches were pre-heated in a convection oven for 15 minutes
at 90◦C and subsequently de-aired by means of a nip-roll press. A calender ordinar-
ily used for laminating paper was employed. When studying bubble formation, a linea
DH-360 laminator running at 1.4mm/min was utilized. The pre-press samples were then
inspected for moisture content using NIR spectrometry as described in antecedent sec-
tions. Thereafter, samples were transferred to LIPhy in sealed bags and were ultimately
kept in a humidity cabinet at a = 0.25 until experimentation.

2Float glass is produced by pouring molten glass on a bath of likewise molten tin. As a result, one
surface is exposed to the surrounding air atmosphere, while the remaining surface stays in contact with
the liquid tin. Consequently, the glass surfaces exhibit slightly different chemistry. The nomenclature,
i.e., air or tin side, references this peculiar asymmetry.
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3.4.2 Autoclaving

A legacy autoclave cell already existed at LIPhy that was initially developed by C. Schune
during her master’s internship [12] with the help of J. Giraud, design engineer at LIPhy.
This autoclave consisted in a hollow stainless steel cylinder hermetically sealed using
two borosilicate glass panes in conjunction with metallic flanges and elastomeric gas-
kets. Samples placed in the cell could then be directly imaged, when subjected to either
changes in temperature or pressure, by placing a light source underneath the autoclave,
and a camera above it. The autoclave temperature was controlled using a set of voltage
regulator switches in combination with a pair of heating ropes wound around the periph-
ery of the cylinder. Pressure was supplied through 6-mm port. The entire system was
enclosed in a PTFE box for safety. This autoclave was employed to study bubble growth
under different conditions over the course of two master’s internships, one of which was
the present author’s own master’s project [13].

A drawback of this legacy system was that neither autoclave nor sample temperature
was directly measured. Instead, experiments relied on a calibration curve obtained by
placing an analog thermometer on the pressure port of the autoclave. Since the autoclave
was not forcibly cooled, this calibration curve, as well as initial system temperature,
was strongly affected by room conditions. Moreover, the system was highly analog and
demanded constant user intervention (e.g., manually opening/closing valves, or operating
the voltage regulator to control temperature). During this author’s master work, the
autoclave’s temperature control was upgraded to include a PID controller in combination
with thin-film temperature sensors (PT-100) to actively measure and control the system
based on glass edge temperature. However, a calibration curve was still deemed necessary.
Furthermore, undue experimentation was required whenever basic settings were modified,
such as heating rate, or maximum temperature. Lastly, the lack of forced cooling limited
the number and types of experiments that could be performed.

During the present thesis, different solutions were envisioned to upgrade the legacy au-
toclave, specially as it pertained to forced cooling. To this end, a thermobath running
on silicon oil was initially retrofitted to the autoclave by winding copper tubes around
the stainless steel ring. However promising, thermal inertia made the timescale of the
experiments prohibitive. After many attempts and configurations, a new autoclave was
ultimately developed from scratch with the help of J. Giraud. The new configuration, as
depicted in Figures 3.14(a, b), retained its predecessors’ shape, i.e., a hollow cell with top
and bottom viewing windows. The new autoclave, however, consisted in an aluminum
casing (1) comprised by two separable halves (2, 3), one of which contained a dedicated
passage (4) for running silicone oil (-40◦C to 220 ◦C) coming from the thermal bath (Uni-
stat 405W). The new cell was similarly made more compact to reduce thermal inertia. In
total, the new autoclave included five ports or inlets: two inlet/outlet couplings (5, 6) for
the silicon oil, while the remaining three were quick-connect 6-mm ports (7, 8, 9). Port
(7) was connected to a manual safety valve. The remaining two inlets (8, 9) served a dou-
ble purpose (1) to supply pressure, and (2) serve as ports for sensors to measure/record
glass (10) temperature (PT-100 sensors, class A, res. ±0.15◦C). Each port was fitted
with a T-junction having one end connected to the pressure line, while the second end
served as an opening to insert the temperature sensors. The latter was ultimately sealed
using a temperature/pressure resistant adhesive (Araldite 2014-2, T=140◦C, P=50 bar).
Finally, the aluminum autoclave was again enclosed in a PTFE box. For additional safety
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Figure 3.14: Laboratory scale autoclave

reasons, the entire system was rigidly fixated on an optical bench.

The entire set-up was similarly revamped by the inclusion of new controllers and sensors
as portrayed in Figures 3.15(a,b). The pressure line was automated by a pressure con-
troller from Fluigent (Flow EZ, max. press. 7 bar). The latter served both as a controller
and pressure release valve. During operation, the entire system was kept hermetically
closed, whilst the controller was programmed to monitor/adjust the pressure as required.
Air was provided by means of a 7 bar pressure line, was passed through a filter to re-
move particulate/contaminants, and was subsequently downgraded, pressure wise, via an
analogous pressure regulator. In terms of temperature control, as previously mentioned,
a thermal bath was employed. With this goal in mind, two PT-100 sensors were placed
inside the autoclave on the glass surface. As displayed in Figure 3.15(b), one sensor was
placed on the sample edge and was connected to the thermal bath to measure a first tem-
perature T1. A second sensor was placed in close proximity to the sample’s imaging area
or region of interest, ROI (1.3 cm x 1 cm), to measure a second temperature T2. The lat-
ter was automatically recorded by a data logger (Testo 176T2). Regarding the collection
of images, a CMOS camera (UEye, UI3240ML-M-GL) in conjunction with a high mag-
nification objective (Nikon, 105 mm) was utilized to record images of the samples during
experimentation at a rate of 1 frame per second (fps). The resolution was ∼ 10µm/px.
The imaging portion of the system was mounted on a x-y stage. While not shown in
Figure 3.15(a), samples were illuminated using an LED light source (Schott KL 2500)
and a mirror placed on a stand at 45 degrees. Finally, the different sensors/controllers
were connected and automatically operated in tandem from a computer.

Optical resolution & image analysis

Figures 3.16(a)-(h) exhibit the system’s optical resolution. Said images span the many
possible optical states of a typical sample of safety glass and will be discussed in greater
detail in connection with Figure 3.17. In the interim, in Figure 3.16(a), previous mi-
croscope observations for PVB (Figure 3.6), namely, polymer roughness and extrusion
direction, are clearly discernible when imaging a raw sandwich under the autoclave. As
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Figure 3.15: (a) Autoclave set-up for studying bubble formation in samples of laminated
safety glass, (b) Temperature/imaging measurements obtained thereof.
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already discussed in relation to Figure 1.2 from the introduction, this particular assem-
bly is minimally transparent. As a result, the obtained image is mostly composed by
dark gray pixels. By contrast, Figure 3.16(b) shows that when imaging a pre-press, dis-
tinct regions in terms of pixel intensity are observed. Light gray pixels represent zones
of adequate adhesion between PVB and glass, and hence, such zones are transparent.
Conversely, dark grey pixels correspond to interfacial gases or gas pockets that remained
trapped at the PVB/glass interface after de-airing. The latter exhibit an anisotropic
shape stemming from the polymer roughness. However complex, such gas pockets serve
as initial mock-up bubbles within the glass assembly. Finally, both glass/PVB interfaces
are simultaneously imaged.

Owing to the complexity of the images, we followed the total projected surface area of
gas pockets AGP to the viewing area AROI , rather than tracking an individual gas pocket.
Therefore, the metric for gas pocket evolution is A = AGP/AROI . In Figure 3.17, this
metric is normalized by the initial area fraction Ao, where A/Ao = 1 denotes the reference
state, A/Ao > 1 implies growth, A/Ao < 1 signifies that dissolution has taken place with
respect to the reference sate, and A/Ao = 0 represents complete dissolution, and thus,
optical transparency. Images were analyzed using imageJ. A custom Java script was
written to automate the analysis of the movies recorded by the set-up which, in sequential
ordering, trimmed the movies (e.g., by analyzing one image every 10 seconds), applied
a band-pass filter to account for differences in lighting homogeneity, performed a binary
transformation of the images (grayscale → black & white), and ultimately computed the
ratio of black to white pixels to asses gas pocket behavior.

3.4.3 An illustrative experiment

Figure 3.17 depicts a sample autoclave experiment purposefully selected to illustrate
the richness of the experiments, both in terms of protocol, but also in the evolution of
interfacial gases. While absent from the figure, the protocol included an initial segment
for thermal equilibrium, whereby initial glass sample/system temperature was regulated
to 25◦C for a period of one hour.

I. Gas pocket growth by heating at isobaric conditions

After achieving thermal equilibrium, the pre-press is subjected to a heating ramp for 100
minutes up to a hold temperature of 130◦C as defined by T2–the temperature history
representative of the sample’s ROI. During this heating phase, gas pockets are mostly
static, up to roughly 50 mins. In this sense, it is appropriate to think of gas pockets as
being relatively frozen. Thereafter, slight dissolution is observed, followed by eventual
rapid growth. The latter state is illustrated in 3.16 (c). The non-monotonic behavior
during heating hints at the presence of multiple gases having different solubility evolutions
in PVB with temperature.

II. Isothermal dissolution under hydrostatic pressure

At the hold temperature, a hydrostatic pressure is applied for 20 mins, whereby gas
pockets are forcibly dissolved into PVB. The dissolution time is very fast, in the order
of minutes. A comparison between Figures 3.17(c, d, e) conveys how rapid gas pockets
disappear from view. At this stage, as exemplified in Figure 3.17(e), the glass becomes
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optically transparent. Whatever gas pockets may remain, their size is now too small for
both the autoclave system, as well as the human eye, to resolve.

III. Bubble nucleation and growth via rapid decompression

If the pressure is released while the glass sandwich is hot, full-face bubbles can immedi-
ately nucleate and grow, as seen in the interval covering 120 min - 150 min. In this respect,
gases previously dissolved under pressure escape from PVB, and accordingly form visible
bubbles. Over time, new bubbles nucleate as demonstrated in Figures 3.17(f, g). Finally,
as seen in Figure 3.17(g), bubbles rapidly become large enough at high temperatures to
be seen by the naked eye.

IV. Bubble shrinkage and equilibrium during cooling

Upon cooling, bubble growth is first arrested, and is subsequently replaced by shrinkage.
This suggest that, by virtue of their thermodynamic preference, gases that escaped at
high temperatures try to naturally dissolve back into PVB when the temperature is
lowered. The dissolution, however, is incomplete and stops at around 200 minutes in
Figure 3.17. In analogous fashion to the heating ramp, we can say that bubbles become
static or frozen. However, the non-monotonic behaviour observed during heating is not
observed. Regardless, rapid visual inspection of the cycle in both instances reveals that
gas pockets/bubbles becomes static, either during heating or cooling, at temperatures
close to 80◦C-90◦C. A fact that strongly hints at a rheologically controlled regime.

Figure 3.16: A sample of laminated safety glass under the laboratory autoclave.
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Figure 3.17: An illustrative autoclave experiment portraying the richness of the experi-
ments in terms of pressure/temperature variations and associated evolution of a pre-press.

3.4.4 Adhesion tests

As discussed in antecedent sections, adhesion plays a significant role in blister formation
in photo-voltaic modules. Adhesion is equally fundamental in safety glass performance.
Based on these considerations, the level of adhesion between PVB and glass was inves-
tigated. Previous work on this area already exist in Saint-Gobain, as demonstrated by
the doctoral works of Elzière[39] for PVB and Fourton[102] for PVB/EVA. The reader
is highly encouraged to visit these two references. Both are rich in details regarding
various measurements and modeling approaches for delamination, as well as interesting
techniques for modifying adhesion, especially by chemical surface treatment of the glass.

In here, adhesion was measured via peeling tests. Contrary the work of Elzière[39] and
Fourton[102], special focus was placed on the role of autoclave cycle variables, such as
temperature or pressure, rather than on surface treatment. The protocol for the tests was
similar to the one used by Elzière[39] and consisted in laminating a strip of PVB (2 cm
wide) on a long glass slide (45 mm x 150 mm x 2 mm) as depicted in Figure 3.18. A nylon
backing was placed atop the PVB to minimize the risk of excessive stretching during the
peeling test. For this same reason, the sample included an initial 10 mm region covered
with temperature-resistant tape. The latter prevents adhesion between the PVB and the
glass slide, thereby facilitating the onset of delamination. PVB and glass preparation
was identical to that of regular safety glass. Samples were produced in a grey room. The
de-airing and autoclaving was similar to the protocol for rheological measurements, i.e.,
samples were de-aired using vacuum and were subsequently autoclaved inside the sealed
vacuum bag. The latter were opened before performing the peel tests.

The adhesion experiments were carried out in a Zwick machine having two clamps (A,
B). Clamp A included two rollers upon which the sample was mounted. Clamp B was
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Figure 3.18: Peel test protocol

fixed to the machine and held the free end of the PVB/nylon ribbon. During the test,
Clamp A is displaced in the z-direction, therefore forcing the sample to translate in the
x-direction. Consequently, the PVB/nylon ribbon is delaminated from the glass while
keeping the delamination angle at a fixed 90◦. The peel speed was fixed at 50 mm min−1,
while data was recorded for a total delamination length of 80 mm.

Figure 3.19 shows a typical peel test run for three samples autoclaved at 140◦C and 11
bar of absolute pressure. The peel force is measured automatically by the machine while
delaminating the sample. At the beginning, a rapid increase in the stress is detected as
the PVB separates from the glass up to roughly 10 mm. After this transient region, a
steady reading is obtained. The latter is the reported feel force. Finally, the drop in stress
at 80 mm signals the end of the test. In this example, the average peel force including
the three samples (covering 10 mm to 70 mm) was equal to 29.43 N with a standard
deviation of ±0.65 N.

Figure 3.19: Peel test results for three samples autoclaved at 140◦C and 11 bar of pressure.
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Chapter 4

On PVB properties: rheology, &
mass transport

4.1 Mechanical behaviour

4.1.1 Relaxation at high temperatures & master curve

Figure 4.1 depicts the relaxation modulus of PVB as a function of temperature under
constant strain. In general, the interlayer softens dramatically with temperature. To put
things into perspective, increasing the temperature from 60◦C to 140◦C (an increase of
x1.24 in absolute temperature) softens the interlayer by roughly three orders of magni-
tude, from ∼105Pa to ∼102Pa, in the timescale of the experiments. In this hectopascal
range, PVB is as soft as most hydrogels. Moreover, this very soft state is reached quite
rapidly, in the order of 102 s, at temperatures common for the processing of PVB (140◦C).
Contrary to the held assumption of a long-term elastic behavior, the relaxation curves
do not provide evidence towards the existence of a plateau in G(t), let alone one that
is temperature dependent. In fact, at all temperatures, G(t) is a monotonic decreasing
function of time. This finding suggests that PVB behaves more like a Maxwell fluid bereft
of a long-term elasticity than a solid. In this respect, the relaxation curves demonstrate
that previous estimates for G∞ are unsuitable in timescales as short as 3× 102 s starting
at temperatures as low as 100◦C.

Figure 4.2 shows the time-temperature superposition (TTS) master curve for PVB at
25◦C covering 12 decades in the frequency spectrum. The master curve was obtained
by horizontal shifting of the storage and loss moduli curves obtained from oscillatory
measurements between 25◦C to 140◦C. For clarity purposes, the final curves of G′, G′′, as
well as the van Gurp-Palmen plot (top panel in Figure 4.2), have been smoothed by means
of a Savitzky-Golay digital filter. In this way, the shape of the data is preserved, but
unwanted noise is reduced. The latter was predominantly focused in the high temperature
measurements (low frequency region of the dataset).

The master curve displays two regions where G′, G′′ overlap in opposite sides of the
frequency spectrum at roughly 10−9 rad/s and 1 rad/s, a quasi (rubbery) plateau in G′

in between, and a low-frequency region where G′′ � G′. These features are qualitatively
in agreement with Elzière[39]. Concerning material parameters, the magnitude of the
rubbery modulus GO

N ≈ 3.5 × 105 Pa was estimated from the minimum in between arcs
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Figure 4.1: Relaxation modulus for PVB as a function of temperature at γ = 1%. Open
circles denote experimental data while corresponding colored dashed lines represent a
Generalized Maxwell model with time temperature superposition (Eq. 4.3). – –, – • –

Estimates for G∞ as found in Refs. [32, 35].

from the van Gurp-Palmen plot as can be seen on the upper left panel of Figure 4.2.
Meanwhile, the horizontal shift factors aT obey the classical WLF law (eq. 3.2 [96]),
whence we find C1 = 15.32, C2 = 79.05◦C at Tr = 25◦C using a non-linear least squares
regression. As previously discussed, the theoretical range of applicability of the WLF law
is roughly Tg + 100◦C for amorphous polymers [96, 97]. However, as evidenced by the
quality of the fit on the bottom right panel of Figure 4.2 (R2 = 0.99), the law remains
robust for PVB up to Tg + 120◦C (assuming Tg ≈ 20◦C).

Continuing with the master curve, the shape appears to comply with the Doi & Edwards
(DE) theory of entangled chains under small deformation—at least qualitatively. Under
this picture, the physical response (not including the glassy state) comprises (1) the
relaxation of individual chain links obeying the Rouse model at high frequencies (i.e., a
first overlap in G′, G′′ with G′ ∼ ω1/2), (2) temporary chain entanglement (reptation)
responsible for the quasi-plateau, and (3) viscous flow at low frequencies, where G′′ >>
G′. All features showcased by the PVB master curve. In this treatment, the usage of
G∞ is not necessary, nor does it constitute a material parameter. Equally important, the
three aforesaid processes—a priori independent from one another—are separated by two
characteristic times te, td that are temperature dependent. The location of these times is
shown graphically in Figure 4.2, where te ≈ 20 s was obtained from equation 4.1[103]:

G′(ω) = GO
N

√
π

2
ωte for ωte � 1 (4.1)

while td ≈ 109 s was approximated by the reciprocal of the frequency at the first crossover
between G′, G′′. The latter, more precisely, is found in between the number-average and
weight-average terminal relaxation times (at least in mono-disperse systems) [104].
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Figure 4.2: Time-temperature superposition (TTS) master curve for PVB at 25◦C. Top
panel: Van Gurp-Palmen diagram, bottom-right panel: Experimental shift coefficients
for TTS versus fit oft the WLF law (eq. 3.2). The curves for G′, G′′ as well as the Van
Gurp-Palmen diagram were smoothed using a Savitzky-Golay digital filter.

4.1.2 A time-temperature state diagram

Roughly speaking, at any temperature T , mechanical solicitations lasting t < te, will most
likely elicit a glassy type of response from PVB. This is the case, for example, for glass
assemblies when impacted by a projectile (µs range). For loads lasting te < t < td, the
behaviour is largely elastic since the rubbery plateau mandates that G′ � G′′. Lastly,
when t > td, PVB enters the melt or viscous state and is capable of flowing. Figure
4.3 portrays these transitions for a wide range of temperatures and timescales. The
illustration, which serves as a type of phase diagram for PVB, utilizes the fact that
te, td, as with any other relaxation time or viscoelastic function, obey TTS[96, 97, 105].
Consequently, when creating Figure 4.3, it was assumed that

ω(Tr)

ω(T )
= aT =

te(T )

te(Tr)
=
td(T )

td(Tr)
(4.2)

where T and Tr designate an arbitrary temperature and a reference temperature for TTS.
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Figure 4.3: Time-temperature state diagram for PVB. Solid lines represent the time
boundaries between the Rouse relaxation, rubbery plateau, and melt state across the
temperature range of 20◦C to 140◦C using TTS. Markers exemplify the PVB response for
different loads: ? 100 µs ballistic impact at 25◦C, � Bake tests of safety glass at 100◦C for
16 hrs, • Ageing of solar panels at 85◦C for 1,000 hrs. Additional time-temperature loads
according to international norms from Stevels et al.[106]: � Walking on glass during 30
minutes at 40◦C, . Balustrade load, 5 mins at 30◦C.

The diagram in Figure 4.3 is extremely useful for understanding the possible transforma-
tions PVB can experience during its lifetime. For instance, at room conditions, mechan-
ical solicitations will only evoke two types of response from PVB, viz., the glassy and
rubbery states. The melt state, as given by the reptation time, necessitates the passing
of decades and is, for all practical purposes, never observed. Interestingly, in this narrow
scenario, the rubbery modulus GO

N is philosophically indistinguishable from a long-term
response. By comparison, during a hot summer or heat wave where temperatures may
reach peaks of about 50◦C, we find from Figure 4.3, te ≈ 4 ms, and td ≈ 2 × 105 s
(or 2.4 days). In this hypothetical case, the glassy state is still perceptible from the
perspective of a ballistic impact, but the melt state is now given by a timescale that
is relatively short and within the realm of possibility. Thus, under prolonged exposure
to high temperatures, PVB’s progressive softening and ability to flow could render the
foregoing assemblies susceptible to developing optical defects such as bubbles or blisters,
or experience delamination. Even further, such assemblies may hypothetically exhibit
different performance and failure levels as a function of their geographical location and
associated temperatures. For instructive purposes, markers in Figure 4.3 pinpoint the
state/type of response exhibited by PVB for various applications. For instance, typical
glass loads, such as those experienced by glass floors (30 mins at 40◦C) or balustrades (5
mins at 30 ◦C) [106], elicit a rubbery response from PVB. Bake/aging tests, on the other
hand, force PVB deep into the melt state.
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4.1.3 On the long-term response

At this point, we are in a position to address the seemingly disparate estimates for G∞
found in Refs. [32, 35, 37, 38, 36]. As discussed elsewhere, PVB variability alone cannot
account for the magnitude of the observed discrepancies. Rather, it was hinted over the
course of several chapters that a high-temperature effect might be the underlying cause.
A conclusion partially supported by the results of Biolzi et al. [36], wherein estimates for
G∞ where strongly correlated with temperature, as well as the inconsistencies between
Hooper et al.[32] and Stevels et al.[35] for the same PVB film.

If temperature is indeed the main culprit, a marked trend between G∞ and the maximum
experimental temperature used to survey PVB should exist. Nevertheless, as shown in
Figure 4.4 (lhs), this is not the case. Moreover, the existence of a temperature dependent
long-term response is contrary to the findings herein presented, as well as inconsistent
with thermorheological simplicity since PVB, as used in glass applications, is not cross-
linked. Instead, as shown next, G∞ in fact comprises a spurious material parameter that
is linked to the combined effect of temperature and timescale of experimental observation.

The rhs of Figure 4.4 re-plots the estimates of G∞ from the literature as a function
of the approximate minimum frequency (longest time) achieved in each individual case.
To create this figure, the smallest experimental frequency ω∗ was scaled by the shift
factor a∗T pertaining to the maximum temperature that was surveyed. In doing so, the
effects of time and temperature are simultaneously combined into a single parameter. For
measurements in the time domain, it was supposed that ω∗ = 1/tmax. Furthermore, the
shift factors for each reference were adjusted to 25◦C by recomputing the WLF constants
via eqs. 3.3, 3.4 [38].

As seen in Figure 4.4 (rhs), G∞ values originating from mechanical characterizations span-
ning a timescale inferior to the reptation time t � td (or ω∗a∗T � ωd ≈ 10−9 rad/s), are
accordingly bounded by GO

N and G(td) (the elasticity observed precisely at the time td),
with the rubbery plateau giving a clear indication of the order of magnitude forG∞. Thus,
such measurements are strongly influenced by the temporary, yet long-lasting entangle-
ment effect of the polymer chains. Conversely, experiments approaching or exceeding td
(ω∗a∗T → ωd) significantly depart from GO

N and drop below G(td), thereby signaling that
the melt state, with an ever-decreasing relaxation, was momentarily reached. Therefore,
G∞, as appraised in the literature, is the manifestation of numerically forcing a long-term
elastic response on two distinct portions of the relaxation, with the unwanted result that
disparities occur as a function of the state that was observed.

4.1.4 A truly generalized Maxwell model

Figure 4.5 displays the relaxation modulus G(t) for PVB showing simultaneously the
rouse relaxation, rubbery plateau, and melt state. A first part of the relaxation was
derived by interconverting the frequency measurements of G′, G′′ from Figure 4.2 to the
time domain, thereby resolving G(t). This was achieved using Ferry’s transformation, i.e.,
G(t) = G′(ω)−0.4G′′(0.40ω)+0.014G′′(10ω)|ω=1/t[107]. As was the case with Figure 4.2,
a Savitzky-Golay filter was applied to the resulting data to reduce noise. A second part
of the relaxation was obtained by shifting the relaxation curves from Figure 4.1 using the
TTS coefficients as obtained from the oscillatory measurements. In here, an additional
relaxation experiment at 140◦C was performed to increase the experimental resolution by
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Figure 4.4: G∞ estimates from the literature are scattered when plotted as a function of
maximum experiment temperature (lhs). An increasing trend in G∞ is revealed when the
latter is plotted as a function of minimum frequency as obtained from TTS. Moreover,
the data self-categorizes in two regions. A high elasticity region is seen at frequencies
ω∗a∗T � ωd ∼ 10−9s. Said region is bounded by GO

N = 3.5 × 105 Pa and the elasticity
observed at td, namely G(td) ≈ 5 × 104 as visually appraised from Figure 4.2. A low
elasticity region, possible influenced by the melt state, is observed when ω∗a∗T ∼ ωd.

an extra decade. As expected from the theory, the datasets formed a single continuous
curve without requiring additional adjustments (this was also true when working with
the unfiltered oscillatory data). The reference temperature was initially set at 25◦C, but
was ultimately shifted to 20◦C for ease of comparison with previous references. Lastly, we
note that the characterization herein presented prioritizes long-timescales. As a result,
the glassy transition, observed at 20◦C for t < 102 s, and at 100◦C for t < 10−7 s (see
Figure 4.3) is greatly underestimated. Nevertheless, there is extensive data available in
the literature on this particular part of the relaxation.

For simplicity, we describe the relaxation using the Generalized Maxwell model as is
standard practice for PVB. Nevertheless, this is slightly modified to include TTS, while
excluding G∞ (equation 4.3). Parameter wise, the model includes 10 Maxwell elements,
whose values are summarized in Table 4.1. The model quality across the entire relaxation
at 20◦C is depicted in Figure 4.5, while Figure 4.1 shows the model’s performance at 60◦C,
80◦C, 100◦C, 120◦C, and 140◦C.
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Table 4.1: Elasticity and relaxation times for Maxwell model at Tr = 25◦C
Gi [Pa] λi [s] Gi [Pa] λi [s]
3.40E+06 3.34E-01 8.42E+04 1.52E+08
8.09E+05 6.56E+00 3.65E+04 1.23E+09
1.92E+05 4.59E+02 1.14E+04 8.90E+09
1.13E+05 2.56E+05 2.38E+03 6.69E+10
1.08E+05 1.02E+07 4.23E+02 4.84E+11

Figure 4.5: Relaxation curve for PVB at 20◦C using TTS. ◦ Interconversion from sinu-
soidal master curve G(t) = G′(ω)− 0.4G′′(0.40ω) + 0.014G′′(10ω)|ω=1/t[107]. The signal
was smoothed by means of a Savitzky-Golay filter. 4◦ Relaxation modulus at 140◦C
shifted with TTS. ◦◦◦◦ Idem for 120◦C, 100◦C, 80◦C, 60◦C. – –, – • –, — Maxwell
model from Refs.[32, 35], and this work respectively for an identical PVB blend. —,—,
— Additional Maxwell models from the literature for other PVB blends or generic PVB
designations [38, 37, 36].

G(t, T ) =
∑
i

Gi × exp
(

−t
aT (T )× λi

)
(4.3)

Figure 4.5 additionally provides a comparison between the measurements/model from the
present work and those found in the literature. As can be seen, all characterizations, ex-
cept for Ref. [36], show more or less identical shapes in the Rouse relaxation (for t < 102s
at 20◦C), whilst the timescales differ somewhat. Thereafter, all characterizations reach
more or less the same rubbery state (observed roughly between 102 s < t < 1010 s at
20◦C), but differ significantly in the terminal flow state, where all, except for the one
from this work, saturate at the purported long-time response. Thus, none of the previous
characterizations, as previously discussed, are suitable for modeling the transformations
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undergone by PVB during typical processing conditions. Furthermore, the characteriza-
tions from Hooper et al.[32] and Stevels et al.[35], which use an identical PVB blend as
the one used here, serve as upper and lower bounds for our results in the Rouse tran-
sition. Coincidentally, the mechanical description from Ref. [38] for an unknown PVB
blend appears to fits perfectly well with our own data in this region. Potentially, the three
previous characterizations can be merged with our dataset to increase the resolution of
our model deep into the glassy state. On the other side of the spectrum, we verify that
PVB has indeed reach the terminal melt flow state. In this respect, from the last two
decades, we find a slope approximately equal to one in the log-log plot of G vs time.
Therefore, if timescales exceeding our characterizations are needed, these can directly be
obtained by extrapolation of the terminal slope.

4.1.5 Rheology of PVB family of materials

We close the section on PVB rheology by discussing in broad terms the family of PVB
materials herein employed. To this end, figures 4.6(a),(b),(c) provide a summary of the
master curves for classical, structural, and acoustic PVB. For completeness, Figure 4.6(a)
reproduces the original master curve of classical PVB already presented in Figure 4.2.
Figures 4.6(b),(c) depict the corresponding curves for structural and acoustic PVB ob-
tained using a convection oven cooled by liquid nitrogen. The latter dataset are presented
in raw form without smoothing. The maximum temperature in all cases was 140◦C. The
minimum temperatures were 20◦C, 0◦C, and -20◦C for the classical, structural, and acous-
tic blends respectively. The WLF law was fitted to the shift factors aT for temperatures
greater than or equal to 20◦C. The constants are provided in table 4.2, while the fit is
presented on the bottom-right panel in each of the figures. Regarding the latter, the
extended range to colder temperatures in the structural and acoustic PVB measurements
reveals a change in the slope for the TTS shift coefficients once the materials enter deep
into the glassy state. Hence, a single set of coefficients for describing the entire response
does not exist.

Table 4.2: WLF constants for time-temperature superposition for three PVB blends
PVB C1 [-] C2 [◦C]

Classical 15.32 79.05
Structural 17.15 49.42
Acoustic 13.57 60.64

As illustrated in Figures 4.6(a),(b),(c), the different PVB sheets exhibit more or less the
same features described in connection with classical PVB, i.e., two cross-overs between
G′, G′′ in either end of the frequency spectrum, with a rubbery plateau sandwiched there-
between. The magnitude of the rubbery plateau GO

N is in the order of 105 Pa for the three
interlayers. Structural PVB having the largest modulus in this regard. The measured
value for acoustic PVB is within the margin of error in comparison to classical PVB
as appraised from the peltier measurements. Duplicate runs for the latter case reveal a
resolution for GO

N of about ∼ 3.5 − 5 × 105 Pa. In this respect, the peltier readings are
less precise than those obtained under the convection oven as temperature is less homo-
geneous in the sample. Two important details stand out from the master curves: (1)
acoustic PVB includes a second relaxation in the Rouse regime, while (2) the curves for
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Figure 4.6: Master curves for three PVB sheets. (a) Classical PVB used in building
applications, (b) Structural PVB, (c) Acoustic PVB.

the different sheets are more or less identical starting from the rubbery plateau. These
findings are in broad agreement with those provided by Stevels et al. [35] for the same
family of materials. As inferred visually from the figures, the reptation time differs be-
tween the blends in the following order tStructurald (1012s) > tClassicd (109s) > tAcousticd (108s).
Hence, at equal temperatures, when subjected to a deformation, structural PVB is the
stiffer material, followed by classical, and finally, acoustic PVB.

4.2 Air transport

As discussed in Chapter 3, air sorption measurements were kindly provided by SGR-
Paris. The data as released, however, required a bit of forensic work. Below, the author’s
personal take on the experiments is provided.

Figure 4.7 shows two experimental campaigns for the sorption of nitrogen by PVB. The
first campaign corresponds to the steady state sorption uptake of Figure 3.12 covering 0,
1, and 11 bar of absolute pressure at 20◦C. The resulting sorption curve is highly linear,
of the form y = mx + b, thereby suggesting that sorption is Henry-like. The non-zero
intercept is fairly small, and is for practical purposes disregarded here. The solubility
is thence obtained by the slope m as 6.08 × 10−3 [kg/kg x bar−1 x 100]. The average
diffusion coefficient is D(20◦C) = 3.25× 10−11 m2/s.

The second campaign in Figure 4.7 consisted in a duplicate experiment at 20◦C as well
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Figure 4.7: Nitrogen sorption in PVB as a function of temperature.

as an additional test at 40◦C. A different sample was utilized for each temperature. The
former test lasted about 65 hours, while the latter necessitated approximately 41 hrs to
complete. These two runs exhibit a peculiar jump in the uptake of mass between the
de-gassed state and the first application of pressure (1 bar). The steep rise in the mea-
sured mass might reflect the combined sorption of N2 plus potentially a contaminant gas.
The latter’s concentration in the nitrogen atmosphere appears to have remained rather
constant during the experiments as evidenced by the linearity of the data and the lack
of additional sudden jumps. These conditions might reflect a rather ubiquitous contami-
nant: water vapour. The latter is (1) pervasive in the atmosphere, (2) the concentration
does not vary significantly, at least in the timescale of a couple of days (3) can seep in
experiments if filtering is improper, but most importantly, (4) is readily absorbed by
PVB in copious amounts—even under a relatively dry atmosphere as demonstrated by
the isotherms in Figure 3.7. In this context, a compromised, yet relatively dry atmo-
sphere having a relative humidity between 10-12%RH, can produce an uptake of mass in
PVB comparable to the observed jump of ∼0.21-0.22% wt.

Notwithstanding the above issues, a comparison between the curves at 20◦C reveals com-
parable slopes differing by about 17%. A factor comparatively low considering the in-
herent difficulties of the method, such as the small quantities of mass being measured,
and the issues present in the additional tests. To increase confidence in the solubility re-
sults, we compare our estimates to those observed in other materials of similar chemical
composition as PVB, i.e., a carbon backbone. The comparison is appropriate given that
nitrogen is a relatively inert gas. Indeed, the computed solubility at 20◦C is in the same
order of magnitude as those observed in connection with N2 in elastomeric materials, such
as natural rubber, polyisoprene, or butyl rubber. From Van Amerongen[68], we estimate
the N2 solubility in said elastomers as H ≈ 5.5− 8.5× 10−3 [kg/kg x bar−1 x 100]. This
agreement strengthens the results herein obtained. More importantly, the problematic
runs, at least in the range of 1 to 11 bar are still somewhat indicative of N2 sorption.

Interestingly, the solubility of N2 in PVB appears to decrease with temperature in a be-
havior reminiscent of simple liquids since m20◦C > m40◦C . A finding contrary to those of
Koryavin et al. [14] for PVB, but also in direct opposition to the more general behav-
ior of N2 in polymeric elastomers having a chemical composition rich in carbon groups
as previously discussed in Chapter 2. On this subject, at least two possibilities exist.
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First, a non-monotonic solubility behavior can occur around the glass transition in cer-
tain polymeric systems, of which PVAc, one of PVB’s monomers, is one example [72].
Below the glass transition, the solubility of gases such as O2, H2 decreases with increasing
temperature in PVAc, but increases once Tg is passed. This particular situation in the
more general case of PVB and N2 cannot be ruled out at present, specially given how
close our measurements are to the glass transition. Potentially, the thermodynamic be-
havior here ascertained is a reflection of the proximity of the measurements to the glass
transition. A second, more plain reason, is the influence of experiment sensitivity. The
slopes m20◦C ,m40◦C differ by about 12%; a variation inferior to the experiment resolution
as obtained from the runs at 20◦C. This fact alone makes it difficult to a draw a firm
conclusion regarding the temperature evolution of N2 sorption in PVB from the present
dataset. On this topic, additional sorption measurements at 40◦C were pursued using the
DVS equipment by setting the chemical activity to zero and measuring the mass only as
a function of temperature. However, the results proved inconclusive as the PVB mass,
after roughly 80 hrs, never stabilized. This highlights the inherent difficulty in reliably
measuring N2 sorption in PVB.

Despite the above, we still expect N2 solubility to increase with temperature following the
evidence available in the literature for PVB, as well as the more general sorption of N2 in
elastomeric materials. Indeed, as will be discussed in future sections, measurements for
gas pocket/bubble growth in safety glass provide strong indications that this is indeed
the proper behavior. Lastly, the non-monotonic solubility behavior, if experienced by
N2 when dissolving in PVB, is of little consequence to the formation of bubbles at high
temperatures which are evidently far away from the glass transition.

Overall, N2 solubility was found to be on average H ≈ 5.55× 10−3 [kg/kg x bar−1 x 100]
by combining the data at 20◦C. Similarly, by fitting the diffusion equation to the transient
data we find D(20◦C) = 4.38× 10−11 m2/s. Regarding the latter, the numerical fit failed
in a couple of instances, specially at 20◦C and low pressures in the supplementary runs.
These instances were not taken into consideration. Similarly, a slight increase in the
diffusion coefficient is observed as a function of pressure. This effect was disregarded.
Finally, the effect of temperature on diffusion was clearly ascertainable from the provided
data. The diffusion coefficient increased by an order of magnitude between 20◦C and
40◦C, thus being sufficiently above experimental resolution. The duration of the tests
themselves further provides a hint of how rapid diffusion evolves with temperature. The
activation energy for diffusion is estimated as Ed ≈ 2.06−4.19×104 J mol-1 when taking
11 bar of pressure as reference. The average of all measurements was Ed ≈ 3.15 × 104

J mol-1. The latter estimates are in agreement with those observed for N2 diffusion in
elastomers as measured by Van Amerongen[68] and previously discussed in Chapter 2
(Es ∼ 104 J mol-1).

4.3 Water transport: sorption

4.3.1 Role of OH content

Figure 4.8(a) depicts the sorption isotherms for water vapour in unplasticized PVB in
powder form. The reference temperature was 25◦C. Meanwhile, two different formula-
tions, in terms of OH content were surveyed, namely, 8%wt and 18%wt of hydroxyl groups
respectively. In similar fashion to the film incarnation, the isotherms are convex (see Fig-

72



ure 3.7). Hysteresis during desorption was significant as illustrated in Figure 4.8(b). The
maximum difference between sorption and desorption occurred coincidentally in both
cases at a = 0.6 and was approximately equal to ∆mw/mref = 0.304% (8%wtOH) and
∆mw/mref = 0.692% (18%wtOH). Potentially, the observed hysteresis reflects capillary
bridges by water in the powder. Lastly, Figure 4.8(c) presents a comparison between the
powder formulations and the film. In here, the powder at 18%wtOH absorbs more water
compared to the film counterpart. Regardless, the comparison is not entirely adequate
because the film is plasticized. In this respect, Desloir et al. [95] provide a better assess-
ment by comparing unplasticized PVB, both in powder and film form. The result being
nonetheless the same, i.e., the powder form absorbs more water than the film.

Referring back to Figure 4.8(a), the isotherms include two segments, a first linear portion
up to roughly a ∼ 0.5 − 0.6, followed by a highly curved segment thereafter. These
observations agree with previous findings Hauser & McLaren [26]. In this respect, Hauser
& McLaren [26] together with Misra et al. [27] contend that the non-linear portion is the
result of water clustering in PVB, i.e., water molecules aggregate within the polymer,
thereby leading to a rapid increase in the uptake of water. Indeed, Misra et al. [27]
provide physical evidence of this clustering effect by showing one of its signatures, namely,
increased haziness at high moisture content [108, 109]. Even further, Misra et al. [27]
paint a sorption picture, using the clustering approach, whereby OH molecules act as
sorption sites for water vapour within the polymer matrix. As the chemical activity
increases, these sites become progressively filled or occupied. Water then clusters around
these sites whenever all vacancies are exhausted. Regrettably, Misra et al. [27] provided
no direct experimental data linking OH concentration in PVB and water sorption. In this
respect, Figure 4.8(a) provides the missing link. In the figure, the higher the proportion of
hydroxyl groups, the more water is absorbed. The magnitude of the difference in sorption
appears dependent on chemical activity. For illustrative purposes, the powders differ only
slightly in sorption levels by about ∆mw/mref = 0.11% at a = 0.10. This gap widens
explosively to ∆mw/mref = 1.94% at a = 0.9. From the cluster perspective, we can
imagine that OH concentration in PVB is directly responsible for the initial amount of
absorbed water at low chemical activities. However, at high activities (a > 0.6), sorbed
water molecules progressively attract increasing additional amounts of water, thereby
widening the sorption gap between the powders.

The relationship between water sorption and OH content can qualitatively be explained
by hydrogen bonding. As previously discussed in connection with PVOH-H2O mixtures,
H-bonds are stronger and more thermodynamically favorable between the OH molecules
themselves than with H2O molecules. Nonetheless, the latter two compounds are highly
polar and consequently will still form strong hydrogen bonds, albeit weaker in relative
comparison to PVOH-only bonds. Hence, it is safe to assume that a hierarchy is estab-
lished within PVB, whereby bond strength decreases as a function of the participating
molecules. Logically, the strongest bonds would comprise PVOH - PVOH, followed by
PVOH - H2O, then, H2O - H2O, and lastly PVOH (or H2O) - other monomers/plasticizers
(note that we purposefully omitted the typical H-bond notation to be expeditious). Under
this treatment, water has a primary affinity towards OH groups in PVB, and secondarily
towards itself. Thence, expanding on the ideas of Misra et al. [27], the strength of the
hydrogen bonds mandates that water first localizes at OH groups. After the latter are
spent, the hierarchy of the H-bonds leads water to self-interact leading to clustering, and
hence, non-linearity. Unlike Misra et al. [27], in our picture, OH sorption sites can be
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Figure 4.8: Sorption isotherms for PVB at 25◦C; (a) Water uptake as a function of
OH content in PVB (powder), (b) Hystheresis during sorption/desorption (powder), (c)
Comparison between water absorption by powder against film, (d) Isotherms for two PVB
blends, classical versus structural, in film form.
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rendered inactive by hydrogen bonding with molecules other than water.

If the interaction is purely of the H-bond kind, meaning no chemical effect is at play,
then the sorption curves at different OH content must necessarily form a master curve of
sorts. In simpler terms, PVB should be an OH-water sorption simple material. Indeed,
as shown in the inset of Figure 4.8(a), the isotherms collapse onto a single curve, and
differ only by shift factor aOH . In the inset, the reference state was arbitrarily selected at
8%wtOH. Finally, the proportionality between the curves, as assessed by the reciprocal
of the shift factor (1/aOH = 1.79) is smaller than the OH proportionality factor between
the PVB blends (18/8=2.25). This suggests that not all OH groups are involved in water
sorption, at least in this example.

Continuing with the idea of sorption simplicity, master curves should always form when
using an equal PVB presentation (i.e., a master curve should form for powder, granules,
or film, but a master curve for all presentations does not necessarily exist—indeed, we
observed that a master curve for powder-film sorption did not materialize). Evidently, the
assumption of simplicity would fail in cases where significant modifications to chemistry
take place. We expand on this idea in Figure 4.8(d) by contrasting classical and struc-
tural PVB in film form. The current understanding, based on discussions with experts
from Saint-Gobain, is that the aforesaid blends differ by their amount of plasticizer. In
this respect, the structural formulation contains fewer amounts of the latter compound.
From the point of view of H-bonds, additional OH groups—that would otherwise bond
with plasticizer molecules—become available for water sorption. The result being higher
absorption. In effect, the structural blend absorbs more water as shown in Figure 4.8(d).
Equally relevant, the curves again differ by a constant factor, hence forming a single curve
after shifting. By using classical PVB as the reference, we find aOH ≈ 0.9.

Figure 4.9(a) presents a comparison between our DVS isotherm at 25◦C and the one
obtained by Hauser & McLaren [26] by conditioning unplasticized PVB (film) under
acidic mixtures. Despite the differences in method and formulation, the isotherms agree
with one another. A remarkable finding considering that unplasticized PVB is deep in
the glassy sate (Tg ≈ 75◦C). Hence, the polymer matrix, even in this highly constrained
state, plays no role on water sorption. On this subject, the one similarity between the
PVB blends is the amount of hydroxyl groups, when accounting for the plasticizer in our
case. The OH content is 13%wtOH for Hauser & McLaren [26] and about 15%wtOH for
the DVS measurements. The 2%wtOH difference is probably simultaneously absorbed
by the plasticizer, plus experimental error. Notwithstanding these minor issues, these
results again indicate the relevance of OH content on sorption. In this respect, Figure
4.9(a) further includes an isotherm for unplasticized PVB from Misra et al. [27], albeit
containing a different OH content in relation to Hauser & McLaren [26]. The temperature
for this isotherm was not disclosed, but this is of little consequence as will be shown in
a future section. The PVB film comprised a 45/55 proportion of vinyl alcohol to vinyl
butyral on a molar basis. The OH content on a mass basis is roughly equal to 33%wt when
taking 86.09 g/mol for vinyl acetate, and 44.05 g/mol for vinyl alcohol, and approximating
the vinyl butyral monomer as butyraldehyde at 72.11 g/mol. Similarly to our results for
powder PVB, a higher initial OH content leads to higher absorption levels of water when
using PVB in film form. More importantly, this additional example, while still being in
the glassy state, shows even further that the latter bears no impact on the isotherms.

Up to this point, several arguments towards the concept of water sorption simplicity
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from the perspective of OH concentration have been provided. A final argument is pro-
vided next in connection with Figures 4.9(b, c). Aside from PVOH, the remaining PVB
monomers appear to play a rather negligible role on sorption. Therefore, it stands to rea-
son that water sorption in PVB should more or less mimic the general sorption behaviour
of pure PVOH. On this idea, Figure 4.9(b) illustrates how vastly different the sorption
is between the two polymers, with PVOH absorbing vast amounts of water compared
to PVB. For example, at a = 0.5, plasticized (or pure) PVB at roughly 13-15%wtOH
absorbs about 0.95%wt of water. A figure relatively small compared to PVOH (98%
purity) at the same activity level, namely, 6%wt. Yet, as shown in the inset of Figure
4.9(b), the isotherms are indeed identical in shape and can be interconverted by means
of a shift factor. In this regard, we find 1/aOH = 7.4, which is barely short of the ratio
of OH content in PVOH to the one in PVB, i.e., 0.98/0.13=7.54, when taking Hauser &
McLaren [26] as a reference. This is further evidence that water sorption in PVB truly
is, in accordance with our terminology, simple.

Finally, Figure 4.9 (c) presents an attempt at determining the underlying law for de-
scribing the shift factors aOH behind sorption simplicity, at least in unplasticized PVB.
To this end, only the isotherms from Hauser & McLaren [26] and Misra et al. [27], plus
the PVOH isotherm were employed—all cases involving polymers in film form. The law
extracted is of the exponential kind and is herein written with respect to a reference state
so that the pre-exponential factor is equal to one:

a−1OH = eα(φOH−φOH,ref ) (4.4)

where α=2.35, and φOH is to be understood as the mass fraction of hydroxyl groups in
PVB. Meanwhile, φOH,ref was selected as 0.13. The law is presupposed valid only within
the range whence it was derived.

Evidently, the hereinabove expression is to be treated with caution given the many
assumptions involved, such as the approximations of the molar mass of some of the
monomers, plus the utilization of the PVOH isotherm directly. Further research is invari-
ably necessary to fully confirm its validity. In this respect, we expect the parameter α to
represent a type of form factor that is a function of PVB presentation, e.g., α is expected
to vary depending on whether PVB is either in film or powder form, and is also affected
by the presence of plasticizers. Despite the possible inaccuracies in the law, the concept
of OH simplicity, as exemplified in the many examples throughout Figures 4.8, 4.9 has
nonetheless been fully illustrated. The laws governing the shift factors for different PVB
incarnations, or chemical conpositions, is yet to be determined.

4.3.2 On the idea of water clusters

Following the lead of Misra et al. [27] on water clustering, several sorption models were in-
vestigated to describe/explain the non-linear shape of the data at high chemical activities,
most notably, the Flory-Huggins model. However, the performance was not satisfactory.
In agreement with Meitzner & Schulze [19], the Engaged Species Induced Clustering (EN-
SIC) approach was found to adequately describe the isotherms for PVB. As illustrated
in Figure 4.10, the model is based on the premise that sorption in a polymer matrix is
Henry-like, but is nuanced by the inclusion of two proportionality constants kp, ks. The
former, on the one hand, describes the level of affinity of the sorbed molecules ns towards
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Figure 4.9: (a) Isotherms at 25◦C for plasticized PVB from this work (DVS), plus comple-
mentary curves for unplasticized (glassy) PVB from Hauser & McLaren[26] (25◦C) and
Misra et al. [27] (undisclosed temperature), (b) Example of sorption simplicity using the
curves from item (a), plus the isotherm for PVOH from Hauser & McLaren[26] (25◦C),
(c) Empirical law for OH simplicity using polymeric films from the literature.
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polymer molecules np. The latter, on the other hand, represents the gas affinity towards
itself in dissolved form within the polymer matrix [110]. In differential form [110, 111]:

dns = (kpnp + ksns) dP (4.5)

where dns is the net amount of sorbed gas molecules by the polymer stemming from a
change in pressure dP . Upon integration, the model reads

φs =
e(ks−kp)a − 1

(ks − kp)/kp
(4.6)

where φs is the volume fraction of dissolved gas.

Figure 4.10: Illustration of the ENSIC model from Favre et al. [110].

The ENSIC model is capable of describing Flory-Huggins, Henry, or Langmuir type of
isotherms depending on the relative values of ks and kp, but most importantly for us, the
model describes clustering whenever ks > kp, i.e., when gas molecules display a stronger
affinity towards themselves than with polymer molecules [110]. Evidently, this is the
case for water vapour at elevated levels of chemical activity once all OH vacancies are
occupied.

Figure 4.11 shows the numerical fit of the ENSIC model to the DVS data at 25◦C for
PVB in film form. For the computation, the sorbed fraction of water φm = mw/mref was
assumed as representative of the volume fraction φs. The error is ultimately reflected
on the magnitude of the constants, but the overall conclusion remains nonetheless the
same. From a non-linear, least squares regression, we obtained ks(3.25) > kp(1.03), hence
confirming water clustering and the strong affinity of water molecules amongst themselves
in PVB at high activities. Meitzner & Schulze [19] disclose similar results (kp = 3.61,
ks = 0.96) for an isotherm at 85◦C, albeit with the values of the coefficients swapped.
While not verified with the aforementioned authors’, this is probably a minor oversight
on their part. The reason being mathematical in nature: it is impossible to obtain a
convex isotherm whenever kp > ks. The role of temperature is not important as will be
discussed in the next section. Most regrettably, however, is the lack of consistency in the
conclusions presented by Meitzner & Schulze [19] parting from this unfortunate lapse. In
this respect, the present work sets the record straight.
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Figure 4.11: Water sorption in PVB (film) at 25◦C versus ENSIC model. The curve,
being convex, mandates ks > kp, with the conclusion that water clusters in PVB at high
chemical activities.

Overall, the sorption of water by PVB is a strong function of initial OH content in the
formulation, plus water clustering at high chemical activities. The interaction is mainly
of the physical kind via H-bonding. Water has a preferential tendency to bond primarily
with hydroxyl groups present in PVB at low levels of chemical activity, and thereafter
with water dissolved in the polymer matrix once all OH groups are rendered inactive.
In this respect, not all hydroxyl groups form bonds with water. The uptake is further
impacted by PVB presentation, with powder absorbing more water than the film, but
also by the inclusion of plasticizers. The latter, being rich in oxygen, are capable of
forming H-bonds of their own with PVOH. As a result, plasticizers reduce the uptake of
water moisture by PVB. For the PVB presentations hereinabove studied, the sorption is
simple: master curves can be formed by selecting an arbitrary reference state, whence the
other isotherms may be derived by means of a shift factor aOH in a concept reminiscent
of time-temperature superposition for the mechanical response.

To capture all of the above, we propose below a slight modification to the ENSIC model,
where in addition to capturing water clustering, the physico-chemical role of OH groups,
PVB presentation (film, granule, powder), or the presence of plasticizers, is also explicitly
stated:

φm =
e(k

r
s−krp)a − 1

(krs − krp)/krp
1

aOH
(4.7)

where the constants krs , k
r
p in similar fashion to TTS are obtained at a reference state,

and aOH is some function of OH content for interconverting between different isotherms,
and is unique to a PVB presentation.

The advantage of eq. (4.7), in addition to clearly expressing the role of hydroxyl groups,
is that only one set of constants krs , k

r
p is necessary for any given kind of PVB presenta-

tion, whilst the remaining isotherms can be obtained directly by a shift factor reflecting
modifications in either OH content/plasticizer. For the case of unplasticized PVB in film
form, the sorption is described by combining eqs. (4.4),(4.7):
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φm =
e(k

r
s−krp)a − 1

(krs − krp)/krp
eα(φOH−φOH,ref ) (4.8)

wherein is now evident that increasing the OH content in the blend directly increases the
uptake of water by PVB. krs , k

r
p can directly be taken as identical to those of obtained

from the DVS fit as the error is relatively small. For PVB in powder form, we have
krs = 2.64, krp = 1.46 at a reference OH content of 8%wt OH. Note that for the latter,
plus plasticized PVB, the overall law governing the shift factors aOH remains unknown
as only one shift factor has herein been determined for each case.

4.3.3 Role of Temperature

Figure 4.12 depicts the sorption isotherms for PVB in film form from 25◦C to 60◦C using
the methods described in Section 3.3, plus two isotherms from the literature already
introduced in the preceeding section, to wit, an isotherm from Hauser & McLaren [26] at
25◦C, plus the curve from Meitzner & Schulze [19] at 85◦C for solar grade PVB. Regardless
of temperature, the isotherms form a single curve, in spite of method, PVB state (rubbery
or glassy), or grade (classical PVB for glass or solar blend). In a further nod to simplicity,
the solar panel grade does not exhibit any particular divergence from the other isotherms,
despite including additives for solar performance. While the specific chemical make-up of
the solar blend from Meitzner & Schulze [19] (Trosifol R40) is unknown to us, it is safe
to assume that is not so distinct from our own, at least in terms of monomer/plasticizer
concentration.1 Accordingly, the rheological measurements presented in Section 4.1, as
well as the air/water sorption measurements here presented should be directly applicable
to study bubble phenomena in solar panels as well.

We duly remark that measurements made at 80◦C using the method of saturated salts
yielded negative sorption values, specifically at low levels of chemical activity. Conse-
quently, additional measurements at this temperature were performed with fresh samples.
A correlation was observed between the residence time in the oven and the magnitude of
the vertical downwards shift of the isotherms towards negative sorption. This led to the
conclusion that at high temperatures, under an oxygen atmosphere, PVB loses rapidly
other compounds besides water vapour, or degrades. This threshold more or less coincided
with the lack of mass stability during N2 sorption experiments at high temperatures.

The collapse of the isotherms as a function of chemical activity hides an important fact:
water solublity in PVB is a decreasing function of temperature. When raising the temper-
ature from say, T1 to T2, the partial vapour pressure of water must likewise be increased
to maintain an equal amount of activity since

a(T1) =
pT1
w

PSat(T1)
=

pT2
w

PSat(T2)
= a(T2)→ pT2

w = pT1
w

PSat(T2)

PSat(T1)

1PVB appears highly standardized across suppliers as previously discussed elsewhere in the present
work. Thus, we can roughly infer the chemical make up of Meitzner & Schulze’s [19] blend by looking
at other PVB manufacturers. For instance, a brief inspection of Solutia’s PVB formulations for glass
and solar applications [77, 80] reveals an identical performance in terms of mechanical response, and
hence, chemical composition. Based on this evidence alone, the classical and solar formulations of PVB
seemingly differ only by the inclusion of solar additives in the latter.
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Figure 4.12: Sorption isotherms for PVB including data obtained from DVS and static
sorption between 25◦C to 60◦C, plus two additional isotherms from the literature.
Notwithstanding the temperature or formulation, the isotherms form a master curve.
For the static sorption method, the caret symbol depicts the direction and magnitude of
the uncertainty inherent in the method as discussed in Section 3.3.1. For completeness,
the dashed line shows the ENSIC model fit to the entire data set (ks = 3.53, kp = 0.87).
The inset depicts the sorption of water as a function of vapor pressure, wherein the loss
of solubility with temperature is observed.

and Psat is an ever increasing function of temperature. Then, the single curve formed
by the isotherms in Figure 4.12 implies that an increased vapour pressure is necessary
to solubilize equal amounts of water with temperature, hence, a decreasing solubility.
To clearly show this fact, the inset in the figure plots the water absorbed by PVB as a
function of vapor pressure, whence the reduction in solubility becomes evident. To ease
the comparison, the inset further depicts the solubility slopes for each temperature in
the Henry limit, namely, a ≤ 0.55 (for clarity, only the DVS curves are shown in the
example). In here, the slope at 40◦C is clearly smaller than the corresponding one at
25◦C.

The interesting solubility behavior exhibited by water vapor in PVB suggests that the
loss in solubility with temperature is perfectly balanced by the respective increase in the
vapour pressure of water with little regard to the polymer structure. Thus, the interaction
between moisture in the surrounding atmosphere and dissolved water in PVB is akin to
that between ordinary water in the gaseous and liquids states. Surely, this is a reflection
that water in PVB interacts mostly by hydrogen bonding, not by chemical means.

Figure 4.14 presents the solubility of water as a function of temperature in the range of
Henry sorption (a ≤ 0.55). To construct the figure, our solubility measurements from
25◦C to 60◦ were complemented with the isotherms from the literature already referenced
when discussing Figure 4.12. In all cases, a linear regression of the form y = mx was
employed, except for the chemical salts’ method where a non-zero intercept was found.
The latter is indicative of the uncertainty in the relative humidity obtained from the salt
solutions. Nevertheless, this is of little consequence as discussed in connection with air
sorption measurements when using the slope m. Overall, the data shows an Arrhenius
type of behavior when plotting the solubility as a function of the reciprocal of temperature

∼ e−
∆Hs
RuT . From the DVS results, the slope of the curve, which represents the heat of
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Figure 4.13: Arrhenius law for water vapour solubility in PVB.

solution is roughly ∆Hs ≈ −42 kJ mol-1. By including the remaining solubility estimates,
we find approximately the same value ∆Hs ≈ −44.4 kJ mol-1. Logically, given the
precision of the DVS measurements, the former is most likely the better approximation.

The computed heat of solution is contrary to the one appraised by us from Kohl et al. [25]
(mass spectrometry, unknown PVB, ∆Hs = 7.80 kJ mol-1) when taking the difference
between the reported activation energies of permeation and diffusion, but in agreement,
in terms of sign, with Kim et al. [17](WVTR, unknown PVB, ∆Hs = −8.74 kJ mol-1). In
this respect, the closest estimate is given by Hauser & McLaren [26] (unplasticized PVB,
∆Hs = −54.4 kJ mol-1). It should also be noted that the heat of solution computed in
this work is remarkably close to the heat of vaporization of pure water which is, in this
temperature range, between 43.99 kJ mol-1 and 41.58 kJ mol-1. This confirms the vision
proposed in the present work: the sorption of water by PVB is mainly promoted via H-
bonding interaction. Even though two types of H-bonds have been discussed—between
the OH groups of the polymer and the water molecules at low chemical activity and
between water molecules via the growth of water clusters at high chemical activity—at
first order, it is always a matter of breaking H-bonds, hence the similarity between the
heat of solution and vaporization values.

4.4 Water transport: diffusion

4.4.1 Low temperatures

The diffusion equation was fitted numerically to the transient sorption data obtained from
the DVS experiments. Figure 4.14(a) illustrates the mean diffusion coefficient obtained
thereof between sorption and desorption at 25◦C and 40◦C. As expected, diffusion in-
creases with temperature. More importantly, however, the diffusion coefficient decreases
with increasing vapor activity, and hence, water concentration. This finding is consistent
with the commonplace observation that clustering of sorbed molecules reduces the diffu-
sion coefficient [108, 109, 112]. Empirically, the concentration dependency is described in
the literature by an exponential law of the form [108]:

D = D∗eγφs (4.9)
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Figure 4.14: (a) Average water diffusion coefficient in PVB at 25◦C, 40◦C versus chemical
activity. The vertical bars illustrate the minimal gap in the diffusion coefficients during
sorption and desorption. (b) Average activation energy for water diffusion as a function
of chemical activity.

where D∗ is the presumed coefficient at zero concentration, γ is thought of as a plasti-
cization coefficient, and φs is the volume concentration of the considered gas specie.

As evidenced in Figure 4.14(a), eq. (4.9) adequately describes the diffusion behavior for
water vapor in PVB. We find γ = −1.4 at 25◦C. The plasticization coefficient appears
independent of temperature as demonstrated by the identical slopes at 25◦C and 40◦C. As
a result, as shown in Figure 4.14(b), the activation energy for diffusion is for all practical
purposes constant regardless of chemical activity (Ed,avg ≈ 59 kJ mol-1). As a reference,
Kohl [25] estimates the activation energy for diffusion, between roughly 25◦C to 35◦C,
as Ed = 59.08 kJ mol-1, Kim et al. [17] disclose 9.3 kJ mol-1 (20◦-50◦), while Hauser
& McLaren [26] are in the order of 45.6 kJ mol-1 (25◦C-40◦C). Meitzner & Schulze [19]
provide an anomalous estimate of 19.2 J mol-1. Our own assessment of their data yields
48.1 kJ mol-1. Finally, we propose to model the diffusion of water vapor in PVB using a
single expression combining the Arrhenius, and plasticization behaviors:

ln(Dw/Dref ) = −Ed
Ru

(
1

T
− 1

Tref

)
− γ(a− aref ) (4.10)

where for aesthetics, the equation is presented in ln form, and the pre-exponential factor
is chosen to represent a reference state having a clearly defined physical meaning. In
this respect, Dref = 1 × 10−11 m2 s-1 represents the diffusion coefficient at the reference
temperature Tref = 25◦C and activity ar = 0.0907. Figure 4.14(a) shows the model
behavior in dashed lines.

4.4.2 High temperatures

Diffusion coefficients at 100◦C and 140◦C were estimated by means of NIR spectrometry as
described in Section 3.3.1. Two experimental runs were performed at each temperature,
wherein the reference chemical activity was a = 0.25. Figure 4.15 plots the obtained
diffusion coefficients showing the high level of reproducibility of the NIR measurements,
plus the corresponding interpolated coefficients at 25◦C and 40◦C using eq. (4.10), as a
function of 1/T . As illustrated in the figure, the two sets of coefficients show that the
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Figure 4.15: Water diffusion coefficient in PVB

activation energy for diffusion is not constant across the surveyed temperature range.
The activation energy varies from Ed = 59 kJ mol-1 between 25◦C–40◦C, to roughly
Ed = 29.2 kJ mol-1 between 100◦C–140◦C. Possibly, the variation in the activation energy
is a reflection of PVB transitioning between the rubbery and melt states. In this respect,
visual inspection of the extrapolated slopes yields an approximate crossover at 72◦C-
75◦C. A temperature high enough for PVB to enter the viscous state. Indeed, Elzière et
al.[85] have found by DSC a type of transition around this temperature. Regardless, the
variation of the activation energy for diffusion with temperature was not at all unexpected.
As shown experimentally by Van Amerongen [68] for a wide array of elastomers, Es is
only constant within a narrow temperature window. To sidestep this issue, an average
activation energy is here defined by the minimum and maximum temperature points that
were investigated (solid line in Figure 4.15). In this case, Ed ≈ 47 kJ mol-1.
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Chapter 5

Bubbles in laminated safety glass

5.1 A thermodynamic outlook

Figures 5.1,5.2 showcase two experiments representative of the intricate behavior of a pre-
press when subjected to variations in temperature. The experiments serve to illustrate
key thermodynamic concepts for bubble formation in safety glass whilst helping ease the
reader into the subject. In this respect, as a reminder, a pre-press contains interfacial
gases or gas pockets that are trapped between the glass layers and the polymer roughness
after slight de-airing. While hardly circular, such gases serve as mock-up bubbles in the
present work. As already discussed in connection with Figures 3.16, 3.17, we track the
non-dimensional projected surface area of these gases in the assembly as A/Ao. Moreover,
the experiments are destructive in nature, i.e., a fresh sample must be used each time.
Samples comprised two layers of float glass 100 mm x 100 mm x 2 mm in size, with
a thin PVB sheet (0.76 mm). Finally, the introductory experiments hereinbelow were
performed using a legacy autoclave briefly discussed in Section 3.4.2. The temperature
history represents that which was measured by a PT-100 sensor placed at 15 mm from
the rightmost glass edge.

Figure 5.1 presents an experiment to help clarify the thermodynamic preference for air
in PVB. To this end, pre-press samples were heated from room temperature (22◦C-24◦C)
to 130◦C (see inset in the figure). Two cases were surveyed: standard PVB compliant
with industrial processing conditions, namely a = 0.25 (0.41%wt of water), and dry PVB
prepared at a = 0.05 using silica gel. In both cases, as seen in the figure, gas pockets
appear somewhat static up to 40-55 minutes depending on PVB conditioning, whence a
different trend is observed as a function of PVB moisture. On the one hand, gas pockets
rapidly grow from the reference state until reaching A/Ao ≈ 1.54 at roughly 130◦C for
standard PVB. On the other hand, gas pockets shrink down to A/Ao = 0.82 at the same
temperature while using dry PVB, i.e., they tend towards dissolution. The implication
being clear: when heating PVB with standard amounts of water, the later, by virtue of
its negative heat solution, escapes from the polymer in sufficient quantities to swell gas
pockets. In this sense, PVB becomes oversaturated with water when the temperature is
increased. On the other hand, dry PVB that is starved of water is incapable of swelling
gas pockets. The latter shrink, thereby signaling that the gas contained therein must
flow into PVB when increasing the temperature. This is only possible if the heat of
solution is positive, namely, ∆Ha

s > 0, and PVB becomes accordingly undersaturated
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Figure 5.1: Evolution of gas pockets as a function of temperature in classical LSG.
The PVB film was conditioned at two different chemical activities a = 0.05 (dry PVB),
a = 0.25 (standard PVB). The temperature ramp spans room conditions up to nominally
130 ◦C. Images were taken using an 85-mm optical objective.

with respect to air when raising the temperature. This behavior is consistent with the
general behavior observed for N2 (here used as a proxy for air) in elastomeric materials
rich in carbon groups as extensively discussed in sections 2.5.1, 2.5.2. PVB appears to be
no exception in this regard. Overall, the experiment, while simple, shows three powerful
facts: (1) the kinetics of gas pocket growth at high temperatures appear dominated by
water vapor when using standard PVB. By contrast, (2) the dynamics of dissolution
at equally elevated temperatures are driven by air when employing dry PVB, and (3),
there is a rheology controlled regime at cold temperatures that can hinder either growth
or dissolution. Findings (1) and (2) are reminiscent of the theoretical computations
presented in section 2.5.4 for a hypothetical two-component N2-CO2 bubble in natural
rubber (Figure 2.7). In said calculation, it was shown that changing the initial amount
of CO2 in the medium/bubble greatly impacted the observed kinetics and resulted in
two separate regimes, one dissolution regime controlled by N2 at low concentrations of
CO2, and one growth regime at high CO2 content. Finding (3) is in agreement with
the numerical predictions from section 2.3.1, Figure 2.5, for an elastomer with a dummy
Maxwell relaxation. In this respect, as time passes, the material relaxes, hence allowing
either growth or shrinkage to manifest.

Figure 5.2 shows a second experiment to highlight the behavior of a pre-press as a function
of maximum temperature. To this end, two different temperature profiles were employed.
The first profile was similar to the one from Figure 5.1, while the second profile was
chosen so that the maximum temperature was about 82◦C-85◦C. The latter represented
the minimum temperature needed to observe a meaningful variation in gas pocket size as
appraised visually from Figure 5.1. A higher-magnification optical objective was likewise
utilized to increase the resolution of the images. The PVB sheets were conditioned at an
intermediate moisture level (a = 0.10) in relation to the preceding experiment to better
demonstrate the complex response of the system. As depicted in Figure 5.2 for the sample
at elevated temperatures (blue curve), the plateau is slightly shorter in comparison to the
one observed in Figure 5.1 (∼ 55 mins) lasting about 40-45 minutes. More importantly,
gas pockets begin to dissolve after the aforesaid timescale up to 58-60 minutes, and from
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Figure 5.2: Gas pockets in LSG under different heating histories. PVB was conditioned
at a = 0.10. A 105-mm optical objective was used to record the images. The blue curve
follows the same heating ramp as in Figure 5.1. The orange curve follows a colder heating
ramp, as shown in the inset.

there, growth is observed. From these facts, we draw the below conclusions:

� Since the heating rate is comparatively the same, PVB is in the same rheological
state in the examples presented in Figures 5.1, 5.2 (blue curve). Thus, the perceived
difference in plateau length, however minimal, is linked to a kinetic effect stemming
from mass diffusion of water and air.

� Because the PVB film is dryer in Figure 5.2 in relation to the standard case, not
enough water can escape from the PVB to sustain the plateau once the polymer
became sufficiently soft. In turn, the kinetics observed before 58-60 minutes, namely
dissolution, are logically promoted mostly by air as concluded from the observations
concerning dry PVB.

� The reversal in trend at roughly 58-60 minutes, from dissolution to growth, signifies
that continually increasing the temperature eventually forced enough water vapor
to leave the PVB bulk. Thus, observing either growth or dissolution, under equal
PVB preparation (chemical activity) is also bound to the temperatures experienced
by the glass assembly. In this respect, setting rheology aside for the moment, we
can state that cold temperatures favor gas pocket shrinkage that is dominated by
air, and high temperatures lead to water controlled growth.

Supporting the last point, the second curve from Figure 5.2 illustrates the evolution
of the pre-press when subjected to a cold temperature history. In this case, the curve
shows that after the rheology-dominated plateau cedes, the kinetics of gas pocket growth
tended steadily towards dissolution without an apparent reversal, at least in the timescale
of the experiments. Hence, at this cold temperature, the system remained under the air
dominated regime since not enough water escaped from the polymer. Moreover, the slope
of A/Ao differs between the two temperature histories during dissolution. A reflection of
the variation of the diffusion coefficient with temperature.
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5.2 On the peculiarities of a pre-press

Figure 5.3 summarizes the main findings discussed thus far, including observations from
previous sections. We must keep in mind that the findings are equally applicable to the
more general case of finished assemblies and the bubbles that may form therein. On
the one hand, one must simply recognize that a pre-press comprises a sample of safety
glass containing therein a large population of large, anisotropic bubbles. An autoclaved
sample, on the other hand, can be considered as being bereft of interfacial gases, or at
the very least, if present, such gas pockets are too small to be seen. Nevertheless, the
thermodynamics, rheological, and kinetic effects are largely the same between the pre-
press and a finished sample of glass. The key difference being the volume, both in terms
of physical space and gas supply observed between gas pockets in a pre-press and bubbles
in a finished glass assembly. In this respect, the latter can be considered as being in an
infinite pool.

Figure 5.3(a) is a simplified rendition of the preferred thermodynamic paths followed by
air and water vapor in PVB when the latter is heated. Air, in agreement with an inferred
positive heat of solution, becomes increasingly soluble in PVB when the temperature is
raised. As a result, air favors gas pocket/bubble dissolution. In contrasting fashion, water
vapor progressively escapes from PVB when increasing the temperature, hence promoting
growth. Thus, gas pockets, or as in the sketch, an idealized bubble, is stable, grows, or
shrinks depending on initial PVB moisture as given by chemical equilibrium with the
surrounding atmosphere during the conditioning and assembling steps, the temperatures
experienced by the glass assembly, and the rheological evolution of the interlayer with
temperature.

Figure 5.3(b) illustrates the more accurate system of a pre-press. The figure conveys
the concept that gas pockets, while exchanging gases with PVB like a typical bubble,
are in fact highly anisotropic in shape, have a typical length scale given by the polymer
roughness e, and can be found in both PVB/glass interfaces. Similarly, gas exchanges
can further take place with the surroundings via the open edges. In this respect, we
already showed in Section 3.3.1 (Figures 3.10, 3.11) that water may leave through the
edges upon heating1. Evidently, by the evidence shown here regarding gas pockets, air
can simultaneously enter the assembly via the edges as well. No mass transfer is possible
across the glass slides.

Before proceeding further, we briefly review the mass transport properties for the gases in
PVB. Table 5.1 summarizes the foregoing properties for air and water vapor in PVB that
were provided in scattered fashion in Chapter 4. Meanwhile, Figures 5.4(a),(b) graph the
progression of the solubility and diffusivity as a function of temperature (20◦C–140◦C)
assuming the observed Arrhenius behavior. For the specific case of air, two assumptions
were made. First, the heat of solution for air (N2) was approximated tentatively by the
order of magnitude observed in similar elastomeric materials in the literature. This choice
is supported by the fact that (1) N2 is mostly inert, (2) the measured solubility at room

1Kapur et al. [21] have shown that PVB can absorb moisture when heating glass samples at 85◦C and
a = 0.85. This behavior can be explained by recalling that the water vapor isotherms were found to be
independent of temperature and depended solely on the chemical activity. Hence, PVB at standard con-
ditions (a = 0.25) will invariably absorb water when exposed to a higher chemical activity of water vapor
regardless of temperature. In autoclaves, or during standard bake testing of safety glass, this particular
condition does not apply since the surrounding atmosphere becomes dry at elevated temperatures.
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Figure 5.3: (a) Thermodynamics of gases in PVB when raising the temperature accom-
panied by a sketch of mass fluxes between an idealized spherical bubble and PVB. The
arrows indicate the direction of mass flow with respect to a bubble, while the chart in-
dicates the evolution of the solubility with temperature for the two gas species. (b) The
more realistic case of a pre-press having anisotropic gas pockets that may grow by ex-
changing air or water vapor with PVB as a function of temperature. The former gas
increasingly dissolves within PVB, while the latter leaves the polymer upon heating.
Moreover, PVB may also exchange gases with surroundings via the open edges of the
assembly. In this case, water may exit, while air can enter the polymer.

Table 5.1: Gaseous transport properties in PVB
Air Water vapour

Tref 20◦C 25◦C
Href 5.92× 10−7 5.96× 10−3 kg m−3 Pa−1

∆Hs 1.0 -42 kJ mol−1

Dref
* 4.38× 10−11 1× 10−11 m2 s−1

Ed 20.6 47 kJ mol−1

*Diffusion coefficient for water at aref = 0.0907.

conditions in PVB was strikingly similar to that observed in carbon-based polymers, and
(3) the thermodynamic evolution of the solubility with temperature, as inferred from the
experiments depicted in Figures 5.1, 5.2, further hinted that the direction was identical
to simpler elastomers. The second assumption involved the activation energy for air
diffusion. As with water vapor, we expect Ea

d to vary with temperature. Unfortunately,
said variation was not directly appraised. Thus, conservatively, we take a constant value
compliant with the lowest estimate from the sorption measurements. The heat of solution
for both gases is assumed constant.

Figure 5.4(a) depicts the variation in solubility for air and water vapor. The variation
for the former is relatively small and hardly perceptible even in the log-scale. The latter
markedly varies by about two orders of magnitude. The computed solubilities can be
used to estimate the driving force for gas pocket/bubble growth by considering that the
saturation parameter scales with the ratio of the solubility at two different temperatures
under constant pressure, meaning f = H(To)/H(T ), where To is a reference temperature
(20◦C in this case), and T is a temperature of interest. This is equivalent to hypothetically
heating a PVB sheet under an atmosphere at constant humidity. Figures 5.4(c),(d) show
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Figure 5.4: Transport properties for water and air in PVB as a function of temperature in
the range of 20◦C to 140 ◦C, (a) Solubility assuming ∆Ha

s = 1 kJ mol-1, and ∆Hw
s = −42

kJ mol-1, (b) Diffusion coefficient taking Ea
d = 20.6 kJ mol-1, and Ew

d = 47 kJ mol-1 for
a reference water vapour chemical activity of a = 0.25.

the result of this computation. As seen in Figure 5.4(c), the driving force for air drops
below one when raising the temperature, thereby rendering air bubbles thermodynamic
unfavorable. In contrast, Figure 5.4(d) shows that the saturation ratio for water vapor
rapidly reaches f >> 1, hence, water bubbles are favored. To contextualize the differences
in the driving forces, we arbitrarily surveyed 100◦C, whence we find fa ≈ 0.92, whilst
fw ≈ 40. Meanwhile, Figure 5.4(b) illustrates the differences in diffusive speeds between
the gases. Air is the fastest specie at low temperatures (T < 90◦C), but is thereafter
overcome by water vapor. In the chart, the diffusion coefficient for water vapor was
calculated for a constant value of a = 0.25.

5.2.1 A mass diffusion bounded system

We now provide a scaling analysis of the physical mechanisms relevant for gas pocket
growth during a heating ramp. When considering either a pre-press sample or a finished
piece of safety glass, gases may escape via the edges as depicted in Figure 5.3. The
diffusive length L that is affected can be estimated using Crank’s approximation for a
semi-infinite plane, i.e., L ∼

√
4Dt [101]. By taking the fastest diffusive speed, namely,

that of water at 140◦C (D ∼ 1.5× 10−9 m2s-1), we estimate L ∼ 12.3 mm for a timescale
of 400 minutes. This is larger than any timescale experimentally surveyed here. Since we
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only consider the evolution of gas pockets 15 mm away from the edges, thence we conclude
that the only relevant mass transfer is that which takes place between gas pockets and
PVB, so long long as we investigate gas pockets around the center of the glass.

We now compare mass and heat diffusion. Since we have already disregarded mass
transfer in the radial direction, we estimate the characteristic times for the foregoing
processes in one-dimension only (z-direction). To this end, we consider diffusion across the
half-thickness h of the PVB sheet. Taking room conditions (25◦C) as a reference, we find
the mass diffusion time tD is in the order of tD = h2/D ∼ 103−104 s, when considering the
diffusion coefficients for air (Da = 5× 10−11 m2s-1) and water (Dw(a = 0.25) = 8× 10−12

m2s-1). By contrast, the heat diffusion time tα in PVB is relatively short. We find
tα = h2/α ∼ 1.5 s, taking the heat diffusion constant α = κ/(ρ×Cp), where we assumed
the PVB density as ρ = 1066 kg m3, the thermal diffusivity κ = 0.2 W m-1 K-1, and
the specific heat as Cp = 1980 J kg-1 K-1 [113]. If we consider heat diffusion through the
2-mm thick glass layers that make-up the sandwich, we have ∼ 15 s. Hence, we conclude
that mass diffusion is the limiting physical mechanism over heat diffusion.

The characteristic times for mass diffusion must equally be compared to characteristic
times of the polymer to ensure that diffusion is indeed Fickian during the growth or
dissolution of gas pockets. A challenge for PVB being the wide array of relaxation times
as found in connection with the Maxwell model in Chapter 4. This problem is in fact
general to all polymers exhibiting a spectrum of relaxation times, not just PVB [70]. In
here, we use characteristic times from the theory of reptation. To this end, we consider
the diffusive Deborah number DD

e for each gas in the following way:

DD
e = te/t

D (5.1)

where te is the Rouse relaxation time that denotes the transition between the glassy
and rubbery states, and tD is the mass diffusion time in one-dimension for each gas.
We compute this Deborah number in Figure 5.5(a) as a function of temperature for the
characteristic heating ramp shown in Figure 5.1. Both te, t

D vary with temperature. The
former, as previously discussed, scales with time-temperature superposition. As shown
in the figure, the diffusive Deborah number is a decreasing function of time (and hence,
temperature) and is always � 1. Therefore, the gaseous exchanges by gas pockets with
PVB, at least in terms of air and water vapour, are Fickian in principle.

We now compute a Deborah number to quantify the degree to which (high) levels of
elasticity are manifested by PVB, and can thus, control the kinetics of the system. As
was shown in connection with the cases studied for elastomers in section 2.3.1, Fig-
ure 2.3, when elasticity is qualitatively high in comparison to the driving force, bubble
growth/shrinkage is arrested. Nonetheless, as demonstrated with the the dummy Maxwell
model in the same section in Figure 2.5, such immobilized bubbles can begin to evolve,
even under a small driving force, provided that t > λ, where the latter is the relaxation
time of the polymer. For the case of PVB, the suitable time to quantify this behavior is
td, the reptation time of the polymer chains. Upon exceeding td, PVB can flow, but the
elasticity G ∼ 104 Pa is likewise low enough to allow gas pockets to evolve. Thus, we
define this Deborah reptation time as:
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Figure 5.5: (a) Diffusive Deborah number for air and water vapor for a typical heating
ramp as exemplified by Figures 5.1, 5.2. (b) A reptation-related Deborah number to
quantify the high elasticity state exhibited by PVB. The solid line corresponds to De = 1.
In both figures, the Deborah number is computed as a function of the temperature at
each point in time.

De =
td
tD

(5.2)

where, as before, both times change with temperature.

Figure 5.5 shows the calculated Deborah number using eq. (5.2). As shown in the shaded
region in the figure, for timescales roughly below 38 mins, the reptation Deborah number
is very high De � 1 regardless of gas. This timescale more or less coincides with the
plateau lengths observed in Figures 5.1, 5.2. Beyond this timescale, the plateau, or
lack thereof, depends on a kinetic effect. Indeed, this was already inferred based on the
discussion surrounding Figure 5.2. Moreover, the latter timescale itself is not a fixed
parameter: it is influenced by the rate at which PVB relaxes, which in turn, is a function
of the heating rate.

5.2.2 The role of confinement & adhesion

A particularity of a pre-press is that once the PVB bonds to the glass layers after de-
airing, the system becomes essentially sealed. As shown with the scaling analysis, gases
escaping or entering the assembly by diffusion at the open ends only affect the dissolved
gas concentration precisely around the edges. Far away from here, the dissolved gas con-
centration is essentially constant and cut-off from the outside environment. Ever further,
mass diffusion from the edges under room conditions requires the passing of months to
have a noticeable effect on the gas concentration, specially towards the center. Therefore,
in a way, the pre-press as well as the gas pockets trapped therein become virtually a closed
thermodynamic system after de-airing. This has two important implications: (1) after
de-airing, the amount of air and water dissolved in the PVB bulk is practically constant.
For the case of water, this amount is very sensitive to PVB conditioning. Indeed, this
feature has already been tacitly employed in the experiments of Figures 5.1, 5.2; and
(2) atmospheric gases trapped in gas pockets must then reach chemical equilibrium with
those dissolved in the PVB bulk. Consequently, disregarding for the moment surface
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tension2 or rheological effects, the initial equilibrium partial pressures for water vapour
pwi and air pai inside gas pockets are given by

pwi = ai PSat(To) (5.3)

pai = Po − pwi , (5.4)

where Po represents standard atmospheric pressure, To is the reference temperature, and
ai is the activity under which the PVB was conditioned. Note that at typical room
conditions, for instance, To = 25◦C, the vapour pressure of water is ∼ 3.2×103 Pa. Thus,
for the standard activity of ai = 0.25, pwi ∼ 7.9 × 102 Pa. Under this condition, gas
pockets are primarily composed by air. In this respect, the initial mole fraction for each
gas is initially xai ≈ 0.99 for air, and xwi ≈ 0.01 for water.

A second feature of the pre-press is that gas pockets, even though we treat them as
bubbles, are better thought of as a spherical cap having a very special feature: the contact
line is always pinned during growth. Schune [12] showed qualitative evidence of this effect
during her master work by tracking an individual pocket of gas while heating, but also
over the course of dissolution under the application of hydrostatic pressure. Figures
5.6(a),(b) depict the growth of a gas pocket under isobaric heating both in picture and
sketch form. As the temperature is increased, the gas pocket grows until reaching its
maximum size. When a hydrostatic load is applied, as illustrated in Figures 5.6(c),(d),
the gas pocket starts to collapse. As shown midway through the foregoing figures, after
partial gas pocket shrinkage, the original features of the contact line seen in the first
panel of Figure 5.6(b) are again revealed. This suggests that during growth, the contact
line did not move. Finally, the last panel in Figure 5.6(c) shows that right before the
moment of total gas pocket collapse, the rims of the contact line are still observable, yet
most of the gas has disappeared.

To explain the pinning of the contact line, we first assume that the energy required to
delaminate PVB from glass is equal to the peel energy Gc = F/w [39], i.e., the force F
measured during a peel test divided by the width of the strip w. Figure 5.7 shows the
results for peel energy measurements that were performed according to the protocol of
section 3.4.4. Three pressure levels were surveyed at 140◦C, namely, 1 bar, 5 bar, 10 bar of
overpressure. The resolution of the measurement, as given by the scatter in the data, does
not allow to draw a firm conclusion regarding the role of pressure. Most likely, the latter
only plays a minor role on adhesion. Additional measurements were taken at 60◦C and
100◦C. As demonstrated by these additional tests, adhesion is strongly influenced by the
autoclave temperature, particularly at 60◦C, wherein a significant drop in the peel force
is observed. In this respect, peel measurements at this temperature were difficult to make
and readings were highly unreliable. The root cause being that adhesion between PVB
and the backing was poor after autoclaving, thereby leading to debonding between the
two during the peel test. Out of six samples produced at 60◦C, only one specimen—the

2Surface tension has been purposefully neglected and in fact, will not be considered in the present
work. Morais et al. [114] have measured surface tension values for PVB deep in the melt state between
240◦C-260◦C. After extrapolating their data to room conditions, the range of surface tension values
covered is not so different than that observed for a typical air-water system (mN/m range). Hence, the
Laplace pressure is only about 103 Pa considering typical gas pocket sizes of 50-100 µm.
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Figure 5.6: Pinning of the contact line for a single gas pocket in a pre-press, from
Schune [12].

Figure 5.7: Steady peel test results for samples autoclaved at different temperatures and
pressures.

one incidentally reported in Figure 5.7—yielded a meaningful peel test reading covering
at least 30 cms of delamination length.

The peel energy may then be converted to a pressure using Griffith’s fracture pressure
Pf [115], and subsequently compared, for example, to the gas pocket pressure, or the
critical pressure required to swell a bubble from the theory of elastic cavitation (Pc ∼
5/2G). The fracture pressure is

Pf =

√
EGc

πr
, (5.5)

where r is here taken as the order of magnitude of an equivalent gas pocket radius. E is
the Young modulus. For the latter, we assume that PVB is fully incompressible so that
E = 3G.

Figure 5.8 depicts the fracture pressure calculated using eq. (5.5). To create this plot, the
range (in order of magnitude) of elasticity exhibited by PVB from room temperature to
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Figure 5.8: Fracture pressure as a function of G (order of magnitude).

autoclave cycle conditions was considered. This meant assuming a maximum elasticity
of 107 Pa representative of the Rouse relaxation, and 102 Pa for the very soft melt
state. In addition, three characteristic length scales were considered ranging from the
micrometer to the millimeter range. Gas pockets, in particular, are around 10−4−10−5m
in characteristic size (projected radius). Lastly, the lowest value of the peel energy was
utilized, i.e., that which was measured at 60◦C, namely, Gc = 832 J m-2. As seen in the
figure, the fracture pressure is very high, regardless of characteristic length, and can be
as high as 107 Pa. Even at the lowest elasticity values, the fracture pressure remains very
high, of about 105 Pa, specially in the range of gas pocket size.

We can estimate the gas pocket pressure parting from thermodynamic considerations to
determine the likelihood of delamination. Equilibrium mandates the below conditions
between the concentration at the bubble’s periphery cs and that in the bulk ci for each
gas

cas − cai = 0 (5.6)

cws − cwi = 0. (5.7)

From the above, the equilibrium partial pressures for the gases pw, pa at a temperature
T are then given by

pa = pai
Ha(To)

Ha(T )
(5.8)

pw = pwi
Hw(To)

Hw(T )
. (5.9)

Figure 5.9 plots the above expressions for air and water vapor as a function of temperature
from 25◦C to 140◦C. A standard PVB conditioning chemical activity of a = 0.25 was
assumed for water vapor. As shown in the figure, the air equilibrium pressure decreases
slightly with temperature, but remains in the range of atmospheric conditions. The water
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Figure 5.9: Equilibrium pressures for water, air, and a gas pocket in a pre-press as a
function of temperature.

vapour equilibrium pressure, on the other hand, increases significantly from 103 Pa to
105 Pa. Hence, as the temperature is increased, gas pockets become increasingly filled by
water vapor. At precisely 140◦C, the pressures are roughly equal. This further implies
that so are the mole fractions. Accordingly, we have xa ≈ xw. Nonetheless, the gas
pocket pressure PGP , appraised as PGP = pw + pa is still within the atmospheric range.

Based on the above figures, we find that Pf > ∆PGP for most of the the elasticity
range exhibited by PVB, specially in the sizes relevant for gas pockets—notwithstanding
that the fracture pressure was determined based on the worst case scenario in terms of
adhesion. Hence, delamination is highly unlikely. Only at the very low elasticity levels
are the pressures comparable (102 Pa). In this respect, both are significantly larger than
the critical pressure given by 5/2G necessary to overcome the elastic constraints of PVB.
The implication being that at high temperatures, a gas pocket (or bubble) finds it easier
to deform the PVB bulk, rather than induce delamination.

Continuing with the idea of thermodynamic equilibrium, Figures 5.10(a),(b) plot the
equilibrium partial pressures for water vapor and air covering the same temperature range
as Figure 5.9. However, different PVB moisture cases were considered parting from the
extremely dry state a = 0.05, to a very wet state of a = 0.50. Even though pressures are
plotted, the charts can likewise be read as providing the composition of the bubbles since
the latter scales with pressures as well as mol content. In this respect, Figure 5.10(a)
shows that gas pocket composition is a strong function of initial water content in PVB.
At a = 0.05, 0.10, gas pockets are mostly comprised by air across the entire simulated
temperature range. However, starting at a = 0.25, the composition starts to shift towards
water vapour. Indeed, at the highest activity level a = 0.5, gas pockets have a higher
fraction of water vapour than air when passing 110◦C. Figure 5.10(b) shows that the total
gas pocket pressure strongly mirrors the partial pressure of water vapour regardless of
chemical activity. The implication being that higher moisture levels in PVB can lead to
accelerated gas pocket growth in a pre-press. Indeed, this is the premise behind Figures
5.1, 5.2.
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Figure 5.10: (a) Equilibrium (partial) pressures for water (plain lines) and air (dashed
lines) as a function of temperature for various levels of PVB conditioning (chemical
activity). (b) Total gas pocket pressure. The dashed line references atmospheric pressure.

5.3 Experimental campaigns

A selection of experimental results for gas pocket growth under non-isothermal conditions
are presented next. While the experiments are inspired by the complex manufacturing
process of glass, they illustrate the interesting bubble behaviors that can be observed
when two gases having opposite thermodynamic preferences in a given medium are at
play. In this respect, the results are richer given the viscoelastic nature of PVB.

Figure 5.11 shows the evolution of gas pockets under a heating ramp as a function of
PVB conditioning. To this end, four different water activities were considered, namely,
a = 0.05, 0.10, 0.25, 0.50. The measurements were taken with the legacy autoclave in
combination with an 85-mm optical objective. As before, the temperature corresponds
the the rightmost edge of the glass (15 mm from the edge). Some minor details will
be discussed before proceeding. As seen in the inset, the temperature history of the
samples is virtually identical, except for the dry case a = 0.05. The later corresponds
to the original measurement taken in connection with Figure 5.1 and helps showcase
one of the main issues of the legacy autoclave: the initial temperature, as well as the
temperature history, are affected by room conditions. Nevertheless, the difference is not
large enough in this case to exclude the measurement from the figure at hand. Second,
some of the intricate features depicted in Figure 5.1 for the case of a = 0.10 (e.g., non-
monotonic bubble radius) are not discernible in this example. The cause being the limited
resolution of the optical objective in comparison to the one used in the foregoing figure.
Setting these minor issues aside, the figure provides broad experimental evidence of the
discussion presented in terms of thermodynamic arguments in Figure 5.10: the growth
of gas pockets is intimately related to the moisture level in PVB. When the latter is
conditioned under a dry atmosphere (a = 0.05), gas pockets cannot grow, but in fact,
lean towards dissolution. By increasing the moisture content (a = 0.10), this situation can
be reversed, provided that the temperature is high enough. As previously shown in Figure
5.2, if the temperature is cold, gas pockets likewise tend towards dissolution for this case.
In fact, while not shown here, experiments with the standard activity of a = 0.25 revealed
that gas pockets also progressed towards dissolution at cold temperatures. Continuing
with the later activity of a = 0.25, gas pockets grew up to roughly A/Ao ≈ 1.59. We
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Figure 5.11: Gas pocket growth as a function of PVB water vapour conditioning.

remark this particular value as a testament of the reproducibility of the measurements.
The latter is virtually the same as that in Figure 5.1 for the same activity level and
achieved temperature. This is only possible if PVB is painstakingly handled in terms of
moisture content. To this end, as mentioned in Chapter 3, NIR spectroscopy was used to
keep track of the moisture in the samples before experimentation. Lastly, at the highest
activity level (a = 0.5), the growth is greatly accelerated leading to a larger proportion
of gas pockets in terms of A/Ao.

Figure 5.12 shows two duplicate runs for gas pocket growth under heating and cooling
for a = 0.25. The measurements, as well as the examples that follow, were taken using
the autoclave developed during the thesis in conjunction with a high magnification ob-
jective (105-mm). Likewise, hereinafter, the temperature history shown in the figure is
that measured towards the glass center as previously described in Figure 3.15(b). All
experiments parted from the same temperature, i.e., To = 25◦C. In terms of protocol, the
heating profile included an initial heating phase, followed by a plateau in temperature,
and ultimately, cooling down to room conditions. The maximum (plateau) temperature
was 130◦C. The figure is further accompanied by images showcasing the evolution of gas
pockets as viewed during the experiment at selected intervals annotated as (a)-(d) in
the main panel corresponding to figures (a)-(d) at the bottom of the main figure. As a
reminder, in said images, zones rich in dark pixels represent gas pockets trapped at the
PVB/glass interface. Light grey pixels are regions of full optical transparency, wherein
ideal adhesion between PVB and glass takes place. Referring back to the main panel in
Figure 5.12, as with the previous cases, a plateau is first observed during the first stages
of heating until roughly 85◦C-90◦C as visually appraised from the figure. Thereafter,
growth ensues. A peak in growth is observed at around 75 minutes (A/Ao ≈ 1.51) that
more or less coincides with the inflection point in the temperature history from linear
increase to isothermal conditions. Remarkably, upon holding the temperature constant,
gas pockets did not continue growing, nor were rendered static. On the contrary, dis-
solution was observed. Based on the thermodynamic preferences of the gases, plus the
differences in diffusive speeds at high temperatures (water being faster than air), it stands
to reason that (1) during the heating phase, once rheology gives way, gas pocket growth
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is mainly driven by water vapour, and (2) the latter gas species reaches equilibrium
much faster than air. As a result, once the temperature stops changing, the latter only
escapes in minute amounts, but air maintains its preferred direction, i.e., dissolution.
Upon cooling, the projected area of gas pockets continually decreases and stabilizes, at
around A/Ao ≈ 0.2, after passing again the 85◦C-90◦C mark. In a way, the stabilization
is further confirmation of the role played by rheology in the system.

Figure 5.12: Gas pocket growth under heating and cooling. The curves in orange and blue
nearly perfectly collapse illustrating the remarkable reproducibility of the experiments.
(a)-(d): Evolution of gas pockets as recorded during the experiments. Areas showing light
grey pixels represent zones of perfect adhesion between PVB and the glass layers, and
hence, optical transparency. Dark grey areas are gas pockets trapped at the glass-polymer
interface.

Continuing with Figure 5.12, the asymmetry between heating and cooling can be ex-
plained largely by two factors. The first one was already discussed: the diffusive speed
of water vapour. The latter is faster than air at the temperatures were mass transfer
between the PVB bulk and gas pockets can yield meaningful growth or dissolution. Con-
sequently, upon cooling, water returns to PVB in faster rates that air can escape, thereby
leading to gas pocket shrinkage. Unfortunately for air, its sphere of action in terms of
temperature overlaps with those wherein rheology strongly dominates the system. The
second issue is related to the concepts of nucleation and adhesion simultaneously. During
heating, all gas pockets grow but new gas pockets never nucleate, i.e., delamination is
not observed—despite the driving force of water exceeding fw > 100 at 130◦C. At the
temperature inflection point, however, all gas pockets begin to shrink. Similarly, the num-
ber of gas pockets starts to decrease as small-sized pockets dissolve away. Consequently,
during cooling, air competes in uneven terms with water vapor. It cannot overcome the
water shrinkage dominated regime because of the differences in diffusive speeds and driv-
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Figure 5.13: Gas pocket growth by heating and cooling for samples including equal
amounts of initial dissolved water, yet distinct proportions of initial interfacial gases A0.

ing force, nor it can nucleate new bubbles by delaminating PVB from glass, the least
expensive form of nucleation available to air at this point.

Figure 5.13 presents an identical experiment to the one discussed in Figure 5.12. The
protocol is the same. Likewise, the initial PVB conditioning was identical (a = 0.25).
The one variable that was modified was the initial amount of gas pockets Ao in the system
in comparison to the reference case used in the present work and accordingly depicted in
preceding example. For ease of clarity and comparison, the blue curve from the previous
experiment was inserted into Figure 5.13. The reference gas pocket value is Ao = 0.43.
By contrast, the new curve was obtained from a sample having Ao = 0.32. As can be
seen, the latter exhibits roughly the same features already described in Figure 5.13. The
key difference being the magnitude of the growth peak. In this new case, this peak shoots
up to A/Ao ≈ 2.0. The result may be rationalized as follows: a lower proportion of initial
gas pockets means a larger supply of gas per pocket coupled with less competition as the
number of neighbors is smaller, resulting also in less packing, and hence, higher growth.

Figure 5.14 compares again the reference curve from Figure 5.12 during the heating stages,
against a sibling pre-press that was subjected to a slower heating history. The starting
temperature was identical in both cases and equal to 25◦C. The maximum temperature
in the comparison is 120◦C. As seen in the image, slowing down the heating rate leads
to two specific effects. First, gas pockets spend more time in the air dominated regime,
thereby leading to prolonged dissolution. Second, the growth that ensues logically results
in a smaller gas pocket size in comparison to the reference curve. The difference, however,
is not very pronounced.

As a distinct example, Figure 5.15 shows the effect of applying an oscillating load after
heating, instead of an isothermal plateau. To this end, the temperature oscillated between
114◦C and 128◦C, with a period of approximately 25 minutes. As illustrated in the
figure, gas pockets closely follow the applied temperature history as the water escapes
and dissolves into PVB by repeated heating and cooling. As with the plateau example,
a decreasing trend is nevertheless observed, despite the average oscillating temperature
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Figure 5.14: Heating ramp effect on gas pocket growth. The maximum heating temper-
ature was 120◦C and the proportions of initial interfacial gases are the same for the two
curves.

being constant. The reason, as was explained in Figure 5.12, is that once gas pockets
collapse during cooling, new pockets do not originate because of adhesion. Consequently,
the projected surface area decreases after cycles of heating and cooling. Moreover, air
follows its dissolution progression at high temperatures. The two effects ultimately reduce
the measured projected area A/Ao.

Figure 5.15: Gas pocket growth and shrinkage under an oscillating load.

As a last example, Figure 5.16 shows the growth of gas pocket as a function of interlayer
rheology. To this end, the figure compares classical, structural, and acoustic PVB. As
seen in the figure, structural PVB greatly hinders gas pocket growth. The plateau is
longer than in the classical case (in excess of 10 minutes in this respect), plus the final
growth metric A/Ao ≈ 1.2 is likewise significantly smaller. This is consistent with the
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Figure 5.16: Gas pocket growth as a function of interlayer rheology. Three different PVB
formulations were surveyed: classical, structural, and acoustic.

higher stiffness of this interlayer as determined by the rheological measurements. For the
case of acoustic PVB, the final growth rate is virtually identical to that of classical PVB.
This also is in line with the rheological measurements since the latter two are very similar
in terms of stiffness. Finally, we remark that the plateau behavior for acoustic PVB for
t < 60 mins reflects noise in the image, not an actual behavior.

5.4 A bubble model for laminated safety glass

We now propose a kinetic model for gas pocket growth in a pre-press under non-isothermal
conditions. Our goal is straightforward: developing a model that is as simple as possible,
yet including the main physical ingredients of the problem. We treat gas pockets as
spherical bubbles. Thus, we consider a single 3D bubble of initial radius Ro filled with
two different gases and embedded in a polymer with the complex rheology of chapter 4.
This bubble is subjected to temporal variations of temperature which are an input to the
numerical model. The main ingredients are discussed next.

5.4.1 Mass transfer

We compute the evolution of the bubble radius, R, over time. To this end, we recall the
general eqs. (2.40)-(2.49) from section 2.5.4 for a two-component system that we imple-
ment in a Python code. For the sake of brevity, the expressions will not be reproduced
here. It suffices to acknowledge that for the mass transfer part of the problem in the
PVB system, gas a is air (N2

3), and gas b references water vapor.

3Atmospheric air is comprised in 78% by N2 and 21% by O2. Hence, we tacitly assume that the
kinetics of air in PVB are largely influenced by N2. No assertions regarding the behavior of O2 in PVB
have been made. Based on the discussion presented in section 2.5.1, the working temperature for O2

in our experimental range would favor dissolution upon heating. This has not been validated in the
present work. In this respect, the specific trend of O2 solubility with temperature in PVB might affect
the quantitative performance of the model in relation to the experiments insofar as O2 might either

102



As discussed elsewhere in the document, we assume that ∆Hs, Ed for both gases are
constant over the entire temperature range of our experiments. Evidently, this is a
simplifying, yet strong assumption. On the one hand, as discussed in connection with
air (N2), the heat of solution might possibly flip in sign around Tg. The error, however,
might be negligible in our case given that (1) we work for the most part at temperatures
far away from Tg, and (2) around Tg, the PVB rheology appears to dominate the system.
On the other hand, the water vapour solubility could possibly change in sign at around
100◦C corresponding to the phase transition from liquid water to vapour. This situation
is not taken into consideration. Finally, as before, the transient term

√
πDt is neglected.

5.4.2 Quantitative rheology

A constitutive equation for the stress is needed in τrr to close the system of differential
equations via mechanical equilibrium in eq. (2.49):

PB = Po − τrr.

Herein, we assume that the bubble grows slowly. Under this assumption, the PVB stress
around the bubble is compliant with a Maxwell relaxation under constant deformation.
Alternatively, this is analogous to considering that PVB stays in the linear region of
viscoelasticity during the growth/shrinkage of a bubble. Hence, the relaxation modulus
is independent of the strain. Note that the relaxation modulus implicitly accounts for
both G′, G′′ in a compact manner. Under this framework, τrr is given by

τrr = 2G(t, T )γr (5.10)

where the factor 2 forces the deformation tensor to be symmetric, G(t, T ) expressly
denotes a relaxation that varies in the present case both with time and temperature, as
already established in eq. (4.3), and γr is the macroscopic strain. Since temperature is
simultaneously changing with time, eq. (4.3) is slightly hereafter modified as

G(t, T ) =
∑
i

Gi × exp
(

−t
aT (T (t))× λi

)
(5.11)

where now the shift factors aT (T (t)) for time-temperature superposition are implicitly
varying with time.

We consider γr as the strain imposed on PVB by a bubble growing from an initial size
Ro, which we take as the gas pocket initial radius. The strain is then determined by
integrating the rate of deformation γ̇r for a bubble in 3D-space under the boundary
condition that no stress/strain takes place at R = Ro. Thence, we have

γr = −2

3

R3 −R3
o

R3
o

(5.12)

work in tandem with nitrogen to speed up dissolution, or collaborate with water to enhance growth.
Notwithstanding this uncertainty, the underlying physics of gases competing against one another is
unchanged.
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Combining eqs. (5.10),(5.12), the bubble pressure now becomes

PB = Po +
4

3
G(t, T )

(
1− R3

o

R3

)
, (5.13)

with the advantageous situation that at R = Ro, PB = Po.

The differential bubble radius given by eq. (2.44) now becomes

dR

dt
=

1

4πR2

Ru

Po + 4/3G(t, T )

(
nB

dT

dt
+ T

dnB
dt

)
(5.14)

where we assumed that d
dt
G(t, T ) ∼ 0. The latter is a reflection of quasi-static assump-

tions. The bubble grows so slowly that at each point in time, the relevant parameter is
the instantaneous shear modulus of PVB at a given time t and temperature T . This is
not to be confused with the instantaneous modulus typically defined as G(t = 0).

Eq. (5.14) explicitly identifies the relevant physical mechanisms for bubble growth under
non-isothermal conditions for a material whose bulk mechanical properties vary with
time and temperature. Per eq. (5.14), the bubble can grow by mass diffusion whenever
dnB/dt > 0, or may equally swell by thermal dilation when dT/dt > 0. For gases
with a solubility that decreases with temperature, both thermal and temperature effects
work in tandem to induce growth. For situations where the gas solubility increases with
temperature, a competition between mass diffusion and thermal dilation ensues. Finally,
eq. (5.14) reveals how rheology controls the system. In a viscoelastic material such as
PVB, at short timescales and cold temperatures, it must be the case that G(t, T ) >>(
nB

dT
dt

+ T dnB

dt

)
, hence, dR/dt ∼ 0. As G(t, T ) decreases, dR/dt may finally evolve.

The initial conditions for the problem are largely the same as those discussed in the two-
component model, except for the initial partial pressure of the gases in the gas pocket.
The conditions are

pwi = ai PSat(To)

pai = Po − pwi .

5.4.3 A phenomenological shell

A passing glance at Figures 5.12(a)-(d) reveals that a pre-press contains an important
number of gas pockets. Consequently, it is improper to consider the pre-press as an infinite
pool capable of continuously supplying or absorbing gas, specially considering how thin
the film is. To deal with this issue, we assume that the gas pocket, now idealized as a
bubble, is embedded on a reservoir or shell having a characteristic size S and a finite
amount of gas as sketched in Figure 5.17. The initial gas concentration within the shell
ci,shell is assumed to be homogeneous throughout and in equilibrium with the amount of
dissolved gas in the bulk. Accordingly, eqs. (2.40), (2.41) become
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Figure 5.17: As seen in Figure 5.12, a pre-press includes a large population of gas pockets
in close proximity to one another, thereby deviating from the infinite medium assumption
as gas supply is limited. To take this into account, a single gas pocket, idealized in the
sketch as a bubble, can be thought of as being confined within a shell of size S having a
fixed amount of gas.

dna

dt
= −4πRDa(cas − cai,shell)

(
S

S −R

)
(5.15)

dnb

dt
= −4πRDb(cbs − cbi,shell)

(
S

S −R

)
. (5.16)

where conservation of mass between the shell and the bubble is enforced at each point
in time, i.e., the total number of moles in the shell-bubble system is constant, thereby
making ci,shell an implicit function of time. Conservation of mass is enforced numerically
in the python algorithm.

The shell is allowed to change in size to reflect a particularity of our system: growth and
collapse are not symmetric. During growth, gas pockets see an effective PVB volume
that is smaller than that observed during collapse as gas pockets that dissolve do not
resurface. The reason being the high level of adhesion between PVB and glass. Thus in
the collapse phases, as the number of gas pockets decreases, the volume of PVB from
which a bubble can draw gas is larger than during the growth phases. This is rapidly
verified by visually inspecting panels (a)-(d) in Figure 5.12 and comparing the average
center-to-center distance between neighboring gas pockets during growth and collapse.
To model the change in shell size, a kinematic condition linking the bubble radius to the
size of the shell itself is needed. The simplest condition during growth is to assume a
linear relationship between R and S. The condition during collapse is not at all obvious.
In here, an empirical functional form was employed:

dS

dt
=

{
dR
dt

for dR
dt
> 0

0 for dR
dt
< 0.

(5.17)
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5.5 Model versus experiments

Hereinbelow, the bubble model for a pre-press is contrasted against selected cases de-
scribed in section 5.3 . An initial bubble size of 30µm was selected as a reference for the
computations. The size corresponds to that of an equivalent 3D bubble having the same
volume as a typical gas pocket, when accounting for the latter’s width, length, and depth
(roughness). For the shell, the initial thickness was selected conservatively as equal to
2Ro. This corresponded to roughly a quarter of the approximate half center-to-center dis-
tance between gas pockets as measured manually using imageJ. The latter is difficult to
measure since both interfaces are simultaneously imaged. Lastly, the temperature history
of the experiments was directly fed to the python code used to solve the equations.

Figure 5.18: Comparison of kinetic bubble model taking R2/R2
o as the relevant parameter

to describe gas pocket area fraction A/Ao. The experimental growth peak (A/Ao ≈1.68)
suggests that the reference activity in the experiment deviated slightly from the standard
a = 0.25. Via NIR spectrometry, the latter is estimated as a ∼ 0.33. The model is
computed for these two cases.

Figure 5.18 shows the model performance against the case of an oscillating load. In the
figure, R2/R2

o was selected as the appropriate model parameter to describe the observed
evolution of the projected surface area of gas pockets A/Ao. As can be observed, the
model (black dashed curve) closely tracks the complex evolution of gas pockets: an initial
plateau lasting for about 40 minutes, followed by rapid growth, and subsequent stages
of both shrinkage and growth following the oscillating temperature load. The overall
decreasing trend during the oscillations is similarly captured by the model. Two key
factors must be mentioned. First, the peaks in growth of the model are in-phase with
the temperature load, but barely out-of-phase with the experiment. This suggests that
the temperature history in the ROI is slightly different (and probably colder) than the
one measured by the temperature sensor. Second, while at first glance the model and
experiment agree very well with each other, the experimental growth peak (A/Ao ≈ 1.68)
is above what it should be A/Ao ≈ 1.5, which is the value obtained experimentally
for several samples under the same conditions (cf Fig. 5.12). This suggests that the
chemical activity of the sample was slightly higher than the standard case of a = 0.25.
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NIR spectrometry revealed that this was indeed the case. From there, it was estimated
that a ≈ 0.33. Consequently, the model was again re-run to account for this case. As seen
in the figure, the model (blue dashed curve) now slightly overshoots the experiments, yet
all of the experimental features are retained. Notwithstanding these issues, the accuracy
of the model is remarkable considering the simplifying assumptions made (a single 3-D
bounded bubble), the number of equations and physical parameters involved, as well as
the uncertainty in some physical constants, most notably as it pertains to the heat of
solution of air.

Figure 5.19 contrasts the model to the case of heating, isothermal load, and cooling
originally presented in Figure 5.12. As seen from the figure, the model (dashed line
in black) again describes the intricate evolution of gas pockets in the pre-press, but
overshoots the maximum growth peak as previously discussed in the antecedent figure. In
this respect, as was also mentioned when explaining said figure, the temperature history
that was input into the model is probably a bit hotter compared to the temperature
locally at the ROI. This is one of the main difficulties experienced when working with
temperature variations, i.e., obtaining a homogeneous temperature profile in the sample.
Nevertheless, the kinetic model adequately describes the observations.

Figure 5.19: Bubble model versus a cycle of heating, isothermal load, and cooling. The
nomenclature S+R+M in the legend of each modeled curve references the main ingre-
dients in the model, to wit, shell, rheology, and mass transfer respectively. The dashed
lines in black and red are simulated curves that highlight the effect of the uncertainty in
∆Ha

s when considering all of the model’s ingredients. The dashed cyan curve shows the
model behavior when removing the shell component. Likewise, the dashed yellow line is
the model performance when accounting solely for mass transfer.

Up to this point, we considered only the order of magnitude of ∆Ha
s . As appraised from

the literature, the latter is on average across several elastomers, around five times larger,
namely, ∆Ha

s ∼ 5×103 J mol-1. We accordingly adjust the latter parameter and show the
result (dashed line in red) in Figure 5.19. The key difference being the relative size of the
growth peak, plus the equilibrium size of the bubble under cooling. For completeness,
Figure 5.19 shows additional dashed curves depicting the model results when physical
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ingredients are removed. For clarity, the curves denote the model’s ingredients by the
letters S,R,M, which reference the phenomenological shell used to describe the asymmetry
in the system, the effect of rheology, and the role of mass transfer respectively. The dashed
line in cyan (R+M) illustrates the model when the shell is removed. For this case, two
experimental features are retained: the rheology controlled plateau and the water driven
growth during heating. Thereafter, since the system is infinite, water escapes in copious
amount from the polymer, thereby resulting in unrestrained growth. Finally, the dashed
curve in orange (M) depicts the model response when only mass transfer is considered.
The system is both infinite while rheology is absent. In this scenario, the kinetics are
dominated by N2 leading to complete dissolution. A logical result considering that (1)
gas pockets are initially mostly comprised by N2 (99%), (2) at low temperatures, the
air diffusion coefficient is larger than that of water (see Figure 5.4), and (3) there is no
restraining force to prevent shrinkage or complete dissolution (rheology effect). In line
with the discussion presented towards the end of Chapter 2, as the simulated bubble
shrinks because of the rapid N2 (99%) dissolution, water vapour eventually observes an
enclosing volume that is too small, and hence, reverses its direction despite the decreasing
solubility with temperature.

The examples in Figures 5.18, 5.19 show that the Python numerical resolution used to
describe the evolution of a 3D bubble in non-Newtonian polymer subjected to a temper-
ature variation is in good qualitative agreement with our experimental measurements.
In the future, several possibilities for improvement are possible: a better knowledge of
the constitutive laws for air, a rheology including the regimes of large deformation and
a finer geometrical description of the system in the axial direction taking into account
in particular the non-isotropic character of the system (since the bubbles grow close to
a rigid glass surface) and the confinement for bubbles with a diameter approaching the
thickness of PVB.

5.6 The bake test

During the course of this thesis, laboratory scale autoclave cycles were conceived based
on the thermodynamics of air and water vapor in PVB, the observed/modeled kinetics
of gas pockets, as well as the rheological transformations undergone by PVB during
heating/cooling. Several experiments where then pursued to probe the effect of cycle
variables on bake test success or failure, these included pressure, temperature, cycle time,
as well as sample preparation. Describing the entirety of this particular experimental
campaign is beyond the scope of the present work. Nevertheless, some of the findings
obtained thereof are important for comprehending bubble formation in finished glass
assemblies or after bake test. These are discussed next.

As a reminder, only full-face bubbles are relevant for bake test success or failure, i.e.,
bubbles appearing 15 mm (or deeper) from the edges (Figure 1.3). Consequently, edge
effects are disregarded. Our goal is now to determine the driving force for an air bubble
to grow post autoclaving during the bake test.

Under proper de-airing, and considering the system as rightly closed, the amount of
air dissolved cad in PVB during autoclaving is invariably linked to the proportion of gas
pockets at the polymer-glass interface. We estimate the latter for our experiments as
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cad =

(
A

Ao

e

h

)
ρa
Ma

(5.18)

where the terms in parenthesis represent air volume concentration in PVB, and the left-
most term comprises scaling factors to express the concentration in mol m-3. The nominal
polymer roughness e is ∼ 40µm. Meanwhile, the PVB half-thickness h is 0.38 mm. Fi-
nally, the molar mass Ma is taken as 0.028 kg mol-1.

By considering room conditions (To =20◦C), we estimate cad ≈ 1.74 mol m-3. In here, we
took A/Ao = 0.4 as is typical of our samples, and ρa =1.20 kg m-3 from the ideal gas
law. The final air concentration caf in PVB after autoclaving is then equal to the sum
of the air naturally solubilised within PVB at room conditions cai (To), plus that which is
forcibly dissolved during autoclaving. Therefore,

caf = cai (To) + cad, (5.19)

whence we find caf ≈ 3.80 mol m-3. The driving force for a hypothetical air bubble trapped
in a finished glass assembly is then given by

fa = caf/c
a
s

where, as usual, cas is the concentration in thermodynamic equilibrium at a given tem-
perature and pressure, specifically at the bubble’s interface. The evidence for assuming
a pre-existent bubble, i.e., heterogeneous nucleation, will be given in an upcoming sec-
tion. Setting this issue aside, a reasonable scenario is to consider a pre-existent bubble in
mechanical equilibrium with the surroundings. As was discussed around Figure 5.9, the
equilibrium partial pressure of air slightly decreases as a function of temperature. Hence,
a high pressure bubble would actually deflate, rather than grow. Let us assume for the
bubble the same conditions as gas pockets in a pre-press after de-airing, namely, eqs. (5.3,
5.4). Accordingly, we then find fa20◦C ≈ 1.85. The driving force is bounded by the hy-
pothetical case of A/Ao = 1, wherein we find fa20◦C ≈ 3.1. Note that the latter cannot
materialize as some form of bonding must take place between PVB and the glass layers.
Regardless, none of the computed driving forces can yield meaningful growth since PVB
elasticity at room conditions is very high. Now, it may be argued that as PVB softens
during the bake test, the bubble may grow under this small driving force. This situation,
while logically plausible, is unlikely from the point of view of thermodynamics. Since
air solubility increases with temperature, the driving force accordingly decreases. The
implication being that an air bubble at high temperatures is unfavorable when consid-
ering interfacial gases alone. Hence, we reach a conclusion whereby air oversaturation
after autoclaving may not form visible bubbles parting from interfacial gases. Yet, our
experiments showed resilience in terms of either bake test success or failure as a function
of cycle parameters. This led to the logical conclusion that the bubbles were fed by a
different gas. The obvious candidate being water vapor. At 100◦C, the driving force is
about fw = 40. However, given that moisture was tightly controlled, water vapor alone
cannot result in bake test failure—at least for the standard activity case of a = 0.25.

A recurring observation for samples failing the bake test was the presence of apparent
small gas nuclei, most of them invisible to the unaided eye, but sufficiently large to be
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Figure 5.20: (a) Dark pixel dots are visualized in a sample of finished glass after auto-
claving under high magnification in the laboratory autoclave. The latter are potential
nucleation points. Evidently, given their size, they are not visible to the unaided eye. (b)
After bake testing, bubbles nucleate and grow at many of the observed pixel dots. The
encircled areas help guide the eye to match the potential nucleation sites with bubbles
growing after bake testing (16 hours at 100◦C).

barely imaged by our autoclave system. This took the form of dark pixel dots that
rendered the images of autoclaved samples dusty or grainy. At first, this was thought as
sample pollution (e.g., dirt or dust particulate). Figure 5.20(a) shows such a case for a
finished autoclaved glass sample. As illustrated in Figure 5.20(b), bubbles grew in many
of the pixel dots after standard bake testing (16hrs at 100◦C).

In the situations hereinabove described, samples were inspected under the microscope.
Gas nuclei/embryos were indeed ascertained in a large subset of the observed pixel dots.
The nuclei, in the broad sense of the word, took on a variety of forms and were always
found at one of the PVB-glass interfaces. Figure 5.21 provides microscope images to this
effect. In here, column (I) shows the nuclei, or more generally, the nucleation points or
sites, whilst column (II) illustrates the bubble formation that ensues after bake testing.
At least six separate categories of potential nuclei for bubble formation during the bake
test were observed. Nuclei were sometimes found in the form of an apparent spherical gas
bubble as seen in Figure 5.21(a); a true nuclei in every meaning of the word. Nevertheless,
this variety was relatively rare. Figure 5.21(b) illustrates the nuclei as a gas pocket
trapped inside an apparent fiber, in a situation reminiscent of Champagne. In column
(II), the gas escaped from the fiber forming a bubble. Figure 5.21(c) is a similar situation,
except that the gas was retained around the fiber. Figure 5.21(d) is a distinct example.
The nuclei structures are gas pockets from the polymer roughness that retained their
highly anisotropic shape. These structures are rather large and can oftentimes be resolved
by the human eye. Nonetheless, upon bake testing, the gas pockets swelled into a bubble.
In column (II), the original shape of the undissolved gas pocket contact line can still be
seen—a further evidence that the contact line remains pinned in all situations. Figure
5.21 (e) appears to be a region of wrinkled or folded matter that trapped gases. Upon
heating, the bubble sprang from this matter as seen in column (II). It is not clear whether
the structure comprises folded PVB, or some form of fibrous particulate. Finally, an
additional form of nuclei was forcibly created by entrapping gas in crenels purposefully
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Figure 5.21: (I) Different form of gas nuclei in finished glass assemblies. (II) After bake
testing (16 hours at 100◦C), the nuclei grow into visible bubbles.

etched on the glass surface using a UV laser as illustrated in Figure 5.21(f). The latter was
meant to resemble the conditions of pits or crevices as typically described in connection
with heterogeneous nucleation, albeit in a reproducible and controlled manner. In the
figure, the crenel (filled by PVB) is towards the center of the picture, wherein gases were
stabilized against dissolution (dark areas in the crenel). In the vicinity of the crenel,
small gas pockets from undissolved roughness, such as those discussed in Figure 5.21(f)
can additional be observed. Upon heating during the bake test, all of the preceding grew
into a bubble. Finally, not a single instance of nuclei in the PVB bulk was observed,
i.e., we did not find evidence of homogeneous nucleation. This is consistent with our
observations when heating pre-press samples: additional gas pockets or bubbles never
formed, even at 130◦C, wherein the driving force for water vapor in particular is very
high (fw > 100).

To close this section, we briefly discuss the role of interlayer rheology by comparing classi-
cal, acoustic, and structural PVB in terms of bake test success or failure. In this respect,
we found that rheology played a second order effect, i.e., the conditions leaving behind
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Figure 5.22: Bubbles after bake testing in (a) classical, (b) acoustic, and (c) structural
PVB. Images were taken using the imaging portion of the autoclave system.

gas nuclei were the same across the three interlayers. Yet, Structural PVB appeared
more resilient to bubble formation as shown in Figures 5.22(a)-(c) compared to its PVB
siblings. This is a reflection of the high stiffness exhibited by this interlayer. In this
respect, classical and acoustic PVB behave roughly the same as demonstrated by the
figure in terms of bubble number and size.

5.6.1 The role of water

In the situations described in the preceding section, the one constant during bake test
failure was the presence of gas nuclei or pockets of gas trapped in the assembly large
enough to be resolved by the autoclave system (> 10µm). We employed the kinetic
model to gain insights into the reasons behind test failure. To this end, the conditions
of the bake test were simulated by considering a bubble having an initial size Ro in an
infinite pool of PVB. The test was approximated as a temperature step from 20◦C to
100◦C. The total simulated time was 16 hours. Two different Ro sizes were considered,
namely, 10µm, 100µm. Air oversaturation was set at an initial value of fa = 1.85 as
determined for our experiments. Parting from the discussion surrounding Figure 5.19, the
heat of solution was approximated as ∆Ha

s ∼ 5× 103 J mol-1. As will be seen below, the
computation matches the experimental observations. However, the quantitative precision
should be taken with caution given the uncertainty in air properties, specifically, the heat
of solution.

As seen in Figure 5.23, a bubble having Ro = 10µm is not able to grow during the bake
test at 100◦C. This is consistent with the optical resolution of our autoclave (∼ 10µm per
pixel). When samples appear perfectly transparent, it means that nuclei shrunk below
this radius. Consequently, we do not observe issues during bake testing.

Larger nuclei, in this case of about Ro = 100µm, can easily grow during the bake test.
For standard test conditions, the predicted bubble size is about 0.7 mm in radius. This
was more or less the range of bubble sizes observed after bake testing glass samples
comprised by classical PVB, provided that nuclei were present. Thus, both experiments
and calculations point in the same direction: if nuclei larger than a critical size remain,
even if invisible to the human eye, can form bubbles upon bake testing. Failure, in this
case, is a combination of heterogeneous nucleation coupled with water escaping from the
polymer, thereby swelling the bubbles. This holds for situations where de-airing was
proper, i.e., bake test failure stems from pre-existent nuclei that are large enough, not
because of air oversaturation.
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Figure 5.23: The growth of hypothetical bubble nuclei in a finished glass assembly for
standard bake test conditions.

5.6.2 The role of air

Based on relationship between bake test failure and nuclei trapped in the assembly, it
may be concluded that water vapor is the main driver behind bubble formation in safety
glass. Yet, an issue remains: the appearance of bubbles in glass windows, windshields and
the like. In such cases, temperatures are considerably lower than bake test conditions,
but bubbles do form. It may be argued that a nuclei of the right size may eventually
spring provided enough time passes. However, the rheology of PVB at cold temperatures
makes bubbles unlikely, specially from the perspective of water vapor. The driving force
for the latter gas diminishes dramatically when lowering the temperature. Thus, another
mechanism must be at play for bubble formation in the working temperature range of
glass assemblies.

A situation specific to the manufacturing of safety glass in the plants may be at hand
for bubbles that form in everyday situations. Contrary to the laboratory setting, glass
panes can be as large as 3.2 m x 6 m. In such cases, it is imaginable that under certain
circumstances, the amount of air dissolved in PVB would be higher than simply the
volume of air in the roughness for various reasons (e.g., PVB waviness).

In Figure 5.24, the bake test is simulated assuming that PVB is oversaturated in air by an
arbitrary amount fa = 10. Different temperatures, from 25◦C to 100◦C, were considered.
The initial bubble size was set at Ro = 10µm. As illustrated in the figure, at 25◦C,
the bubble cannot grow. In this case, the high elasticity of the system dominates the
kinetics. However, as the temperature is increased, the bubble can rapidly expand. In
this respect, the bubble can readily grow to a visible size (mm range) at temperatures
as low as 40◦C. Comparing the predicted bubble sizes in Figures 5.23, 5.24 reveals an
important distinction. At 100◦C, a bubble growing from an initial large nuclei being fed
by water vapor is rather small with R ≈ 0.7mm. In contrast, a bubble expanding because
of a large amount of air (fa = 10) can reach sizes significantly larger. In the computed
example, this size is about R ≈ 3.5mm. Note that the latter size is much larger than the
PVB thickness. Hence, at this point, the quantitative validity of the model is questioned
as additional effects must be accounted for. Nevertheless, for the case of an air bubble,
the size reaches the visible range in a very short timescale compared to the case of Figure
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Figure 5.24: Growth of an air bubble during bake test conditions.

Figure 5.25: Iceflower instablity in laminated safery glass: The sample on the left was
completely transparent before bake testing. Meanwhile, the one on the right had initial
bubbles. The magnitude of the instability is a reflection of the difference in levels of air
oversaturation with the second sample, evidently, having larger amounts of air.

5.23.

The computations provided for air, while seemingly highly hypothetical, were verified
experimentally. In collaboration with Saint-Gobain, pre-press samples of glass (30 cm x
50 cm in size) were prepared using a PVB with a thickness of 0.38 mm. On purpose,
three of the edges were prematurely sealed by heat and pressure. The samples were then
calendered along the longest edge (50 cm) trapping air in a region 1/5 of the total length
(10 cm). Samples were subsequently autoclaved. The air-trap region was then cut to
laboratory size, and kindly sent to the present author for experimentation.

Figure 5.25 shows the results of such samples. Regardless of test, the samples formed
plenty of bubbles, with the final size and shape depending on test duration. More re-
markably, samples bake tested under standard conditions (16 hrs, 100◦C), developed a
type of iceflower instability. The latter has been studied by Saintyves et al. [116] and
has been shown to occur in highly confined systems in connection with soft matter (gels),
wherein adhesion between the gel and the confining walls is high. As the gas expands, it
burrows inside the material triggering the instability.
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Chapter 6

Conclusions

Laminated safety glass comprises two layers of glass bonded by thin viscoelastic layer,
typically polyvinyl butyral (PVB). While simple, this assembly significantly improves over
monolithic glass in terms of bending, impact, or breakage. Over the course of its lifetime,
however, laminated glass may develop bubbles associated with high temperatures that
while at times beautiful, are against the principle of glass: optical transparency.

Parting from the above, this work aimed at explaining the physical mechanisms behind
bubble formation in safety glass. The question was rich in scientific work as explaining
such bubbles required combining skills in many areas of polymer physics, including mass
transport in the broad sense, thermodynamics, and evidently, rheology. The more general
question of bubbles growing by mass diffusion under temperature variations, which had
only been studied in literature for bubbles in hydrogels, also became apparent. To this
end, contributions were made to the general field of multi-component bubbles by directly
addressing the problem of bubbles growing by mass diffusing under temperature varia-
tions, with the interesting premise of gases competing against one another. In particular,
we have treated in detail the special case of two-component bubbles immersed in a simple
elastic material for which the solubility variations of the two gases with temperature are
opposite. When the temperature increases, the two gases compete for the fate of the
bubble (growth or collapse) which leads to non-monotonic variations of the bubble size
with time. This led us to characterize the mass transport properties of the main gases
involved in PVB.

Water vapour and air have thus been thoroughly investigated, mostly by gravimetric
techniques, but also via optical ones such as NIR spectrometry. From the perspective of
water, we have dived deep into the sorption properties of the polymer. In this respect, it
was demonstrated that water sorption in PVB is OH simple, i.e., sorption master curves
can be formed as a function of OH content. Water interacts mainly by hydrogen bonding
and not by chemical bonding. Starting from a dry material, the first hydrogen bonds are
with the OH groups of PVOH in PVB, around which water clusters nucleate as the water
content of PVB increases. For water, this comprehensive framework has been validated
for different formulations of the elastomer and has proven to be very robust. A similarly
comprehensive model for air remains to be built in order to more accurately determine
the evolution of air mass transport properties as a function of temperature in PVB.

We also had to characterize the rheology of PVB for temperature and time ranges never
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explored before. We used the framework of reptating chains to show that PVB at high
temperatures behaves like a viscoelastic Maxwell fluid, rather than the widespread, and
oftentimes, utilitarian approach of considering PVB as a viscoelastic solid with a long-
term response. The latter is a spurious parameter stemming from forcing the Maxwell
model on an unrelaxed portion of the overall relaxation, typically around the rubbery
plateau. In this context, we employed time-temperature superposition (TTS) to create a
time-temperature state diagram that clearly delineates some of the main transformations
that PVB can undergo, such as the Rouse relaxation from the glassy state to the rub-
bery plateau, and the latter to the melt state. Finally, the generalized Maxwell model is
provided in compact form combining TTS and covering elevated temperatures that pre-
viously were not studied. We hope the latter is useful to a wide audience working with
PVB, specially at high temperatures. Rheological measurements for additional PVB
blends, such as structural or acoustic PVB were also provided.

There are two types of gas inclusion in PVB. First, gas pockets are visible in assemblies
called pre-press. These are the result of poor adhesion between the glass and the PVB.
They are irregular in shape and, although numerous, remain disjointed from one another.
Secondly, isolated and round gas bubbles are also observed in finished assemblies after
the so-called bake test. We have used the results of the previous chapters to describe the
growth or collapse of these gas inclusions.

For gas pockets within glass assemblies (pre-press), we showed that the growth of such
structures is intimately related to the preferred thermodynamic paths exhibited by air
and water vapour when PVB is heated. In this regard, air becomes increasingly soluble,
and consequently progressively dissolves in PVB. Meanwhile, water solubility decreases,
hence water escapes from the polymer. The implication then being that air promotes
gas pocket dissolution, while water favours growth. Despite this simple mechanism, the
evolution of gas pockets is highly non-monotonic and can exhibit regimes where one gas
dominates over the other. In this respect, the evolution is intimately linked to initial
PVB moisture, proportion of initial gas pockets, maximum temperature, heating rate, as
well as polymer rheology. A kinetic model bubble model numerically solved with Python
was developed and tested against experimental data with great success.

In terms of finished glass assemblies, we provide insights for the mechanisms behind
bubble formation both during bake testing and normal glass operation. In this respect,
we verified experimentally and computationally that nuclei of a critical size, somewhere
in the order of about 100µm, in otherwise transparent glass samples, are responsible for
bubble formation during bake testing. The critical lengthscale being in direct relation
to the original gas pocket size. Such nuclei are found at the glass-PVB interface and
take a variety of forms. The latter, while small enough to be invisible to the human
eye, are large enough to grow into a visible bubble driven by water vapour at 100°C.
Finally, despite becoming increasingly soluble in PVB with temperature, air can form
bubbles if dissolved in large quantities inside PVB. In such circumstances, the driving
force can be large enough. The rheology of PVB can initially hinder bubble growth at
cold temperatures. Inevitably, however, upon slight heating, air can escape forming large
bubbles along the way. Depending on the driving force, air can trigger elastic instabilities
in PVB in the form of iceflowers.
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tering (ensic) model: a unified mechanistic approach of sorption phenomena in
polymers. Journal of membrane science, 117(1-2):227–236, 1996.
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