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Abstract

Abstract
Photovoltaics are used for the direct conversion of sunlight into electricity. In
order to provide useful power, the individual solar cells must be connected
together. This electrically connected and environmentally protected unit is
termed a photovoltaic (PV) module. The structure of a PV module consists of a
number of layers of various materials with different properties. The
encapsulation material is one of the critical components of a PV module. It
mechanically protects the devices and electrically insulates them, ideally for at
least the 20-25 year lifetime of the modules. The lifetime of a PV module is
generally limited by the degradation of the constituent parts. The materials
degrade and cause a decrease in the efficiency leading to eventual failure,
with the encapsulant being particularly susceptible to degradation. The most
common encapsulant material is Ethylene Vinyl Acetate (EVA) the degradation
of which leads to a significant drop in a PV module’s efficiency, durability and
lifetime. EVA undergoes chemical degradation when it is exposed to
environmental factors such as elevated temperature, humidity and Ultra
Violet (UV) radiation. Although numerous works have been done in this field
there is still a gap in knowledge to fully understand the degradation of EVA
and develop a predictive tool. This work investigates the chemical degradation
of an EVA encapsulant to understand the degradation mechanisms, develop a
predictive model and correlate the degradation with changes in the structure
and mechanical properties.
To determine the effect of environmental stresses on EVA environmental
conditions were simulated in the laboratory in order to accelerate the test
program. The ageing was classified into three main groups, namely thermal
ageing, UV ageing and damp-heat ageing. In order to investigate the effect of
elevated temperature on the mechanical and thermal properties and also to
study the thermal degradation, EVA sheets were aged in a dark laboratory
oven at 85°C for up to 80 days. To investigate the impact of UV exposure on
i
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the properties and photodegradation of EVA the samples were exposed to UV
radiation of 0.68 W/m2 at 340 nm and 50°C. To study moisture diffusion and
the impact of absorbed moisture on the mechanical properties and
morphology, EVA sheets were aged in an environmental chamber at 85°C-85%
RH and using a potassium chloride (KCl) salt solution in a sealed chamber to
obtain 85% RH at room temperature (22±3°C).
Thermal analysis techniques including Differential Scanning Calorimetry (DSC),
Thermo-gravimetric Analysis (TGA), Dynamic Mechanical Analysis (DMA) along
with Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR) and Gravimetrics were used to investigate the structure,
degradation kinetics and viscoelastic mechanical properties of the EVA as a
function of ageing.
The EVA was shown to have viscoelastic properties that were highly sensitive
to the ambient temperature. Thermal ageing was shown to reduce the
storage modulus due to the changes in the structure of the EVA and reduction
in crystallinity. Over a longer time, chemical changes due to thermal activation
also occurred, hence, these were insignificant compared with transient
thermal effects. The activation energy of deacetylation was also shown not be
affected by the ageing process.
Investigation of photodegradation showed notable chemical changes as a
result of UV exposure, with FTIR absorbance peaks related to carboxylic acid,
lactone and vinyl exhibiting a sharp increase after UV irradiation. Differences
in the ATR-FTIR spectra of the UV irradiated and non-irradiated samples
showed that the intensity is depth dependant. DMA results showed UV ageing
had a significant influence on the mechanical properties of the EVA and
reduces the storage modulus. The predictive photodegradation model
showed a good agreement on the UV irradiated surface with the experimental
data where it did not agree well with the results on the non-irradiated side
which could be due to the presence of UV absorber.
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The response of the EVA to damp heat was investigated at two conditions
with same the RH level (85% RH) and different temperatures (room
temperature and 85°C). The moisture diffusion coefficient was measured via
gravimetry and Water Vapour Transmission Rate (WVTR) technique which
were well-agreed. Results from DSC indicated that the crystallinity increased
due to incorporation of moisture into the structure of the copolymer but
decreased as ageing continued, showing the significant influence of elevated
temperature and thermal degradation on the structure of EVA.
A comparative study of the impact of the ageing on the structure and
mechanical properties indicated that UV has a stronger degrading influence
comparing to other degradation factors. DSC results also suggested that
property changes could be connected to structural modifications. The impact
of different degradation factors can be summarised as UV > T > DH.
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Chapter 1
Introduction

1.1 Background
Recent years have seen the UK government commit to cost effective
renewable energy as part of a diverse, low-carbon and secure future energy
mix. A key benefit of deploying renewable energy technologies is the potential
reduction in carbon emissions when compared to fossil fuels (Harris & Annut
2013). The Kyoto Protocol commits governments, including the UK, to reduce
the emission of greenhouse gases. The 2009 Renewable Energy Directive also
set a target for the UK to achieve 15% of its energy consumption from
renewable sources by 2020 (Department of Energy & Climate Change 2013).
The UK has made progress towards this challenge and total solar PV capacity
grew by 1.0 GW between July 2012 and June 2013 (Department of Energy &
Climate Change 2013).

1.2 Solar PV
Solar energy reaches the surface of the Earth with a power density of 500 to
1000 W/m2 which would ideally be used in an effective way and converted to
usable form of energy for end use customers (Czanderna & Jorgensen 1997).
Solar energy is one of the fastest-growing sources of electricity in the world.
The total solar energy absorbed by Earth's atmosphere, oceans and land
masses is approximately 3,850,000 exajoules (EJ) per year. In 2002, this was
more energy in one hour than the world used in one year (Smil 2006). Solar
radiation can be converted into electrical energy directly, without any intermediate process, by the use of solar photovoltaic (PV) cells. This form of
1
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generation of electricity has considerable advantages to conventional forms
which includes (J. C. McVeigh 1983; Ken 1990; Stone 1993):


Little maintenance is required because there are no moving parts.



It is pollution free and its source is renewable.



There are no harmful waste products.



Solar panels can be installed very quickly.

Although there has been progress towards meeting the 2020 renewable
target, the scale of the increase over the next years represents a huge
challenge and will require strong contributions from the three sectors of
electricity, heat and transport. The mix of renewable energy generation
needed to meet the 2020 target will require several technologies to make a
significant contribution. Solar PV is one of the eight key technologies set out
in the Renewable Energy Roadmap Update 2012 (Anon 2014) and plays an
important role in the UK’s energy generation owing to its reliability. Solar PV is
not just important because of its energy generation potential, it can also
contribute to UK economic growth (Anon 2013).
The extensive deployment of solar panels across the UK is among the most
popular renewable energy technologies. Recently, solar received the highest
public approval rating of all renewable energy technologies, at 85%. The
major problem in using solar energy is not how to collect it but is how to
collect it in a cost effective way in order to be competitive compared to
conventional forms of energy (Claassen, R. S.; Butler 1980). The ability to
deliver further reductions in the installed costs of solar PV will determine the
level of sector growth and the ability for the levelised cost, the per-kilowatt
hour cost of building and operating a power plant over an assumed financial
life, of solar energy to become competitive with other energy sources.
PV modules are now accepted as a possible source of renewable energy for
households. There are, however, problems with this technology, primarily
that their lifetime is currently such that their cost makes benefits marginal. PV
modules work under varying climatic conditions, exposed to environmental
2
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stresses such as rain, snow, hail, temperature variation, etc. Since there are a
number of different layers of various materials used in the structure of a PV
module, the response to the environmental stresses will vary, which causes
mismatches and results in defects in the PV module structure and affects the
performance, reliability and durability of the PV module. To improve the
lifetime and durability of photovoltaic modules we need a better
understanding of the material degradation mechanisms to be able to predict
the degradation under different climatic conditions.
The encapsulant is an essential part of a PV module for mechanical protection
of the silicon solar cells and electrical insulation of the PV module. It also
protects the metal contacts and interconnects against corrosion. The
encapsulant packaging protects the solar cells from environmental damage
and mechanical stresses. This protection must insure at least 20-25 years
lifetime for the modules to be cost effective.
Recent developments in the PV industry have focused on the efficiency of the
modules and the improvement of lifetime at the material level. Among the
various material layers in a module’s structure, the performance of
encapsulant has become a subject of discussions in recent years. The subject
arose from the observed degradation and discolouration of the encapsulants
(Figure (1.1)) and degradation of generated electrical energy in PV modules
especially those deployed in dry-hot or humid-hot climates (Czanderna & Pern
1996). Therefore, it is important to be able to predict the degradation of an
encapsulant material and its lifetime under different environmental
conditions in order to optimize the durability of PV modules. Figure (1.1)
shows two types of PV module degradation in material level, the
discolouration of EVA (a) and corrosion in the backsheet (b) in a roof installed
PV module in Scuola universitaria professionale della Svizzera italiana (SUPSI),
Lugano, Switzerland.
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(a)

(b)

Figure 1.1: Degradation in materials layers in roof installed PV modules in Scuola universitaria
professionale della Svizzera italiana (SUPSI), Lugano, Switzerland. (a) Discolouration in EVA.
(b) Corrosion in the back sheet.
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1.3 Stability and Performance of Photovoltaics (STAPP)
project
The stability and Performance of Photovoltaics (STAPP) project was funded
under the India-UK Collaborative Research Initiative in Solar Energy. It is a
balanced consortium having four institutes from UK and four institutes from
India. The emphasis of the project is on the stability and performance of
photovoltaic modules and system. This project also involves many leading
Photovoltaic companies, mainly from India and the UK. The project consists of
6 work packages (WP) as illustrated in Figure (1.2).

Figure 1.2: Work packages of STAPP project.

The University of Nottingham’s contribution to STAPP focused on the
chemical degradation, mechanical modelling and lifetime behaviour
prediction of PV modules (WP2). This PhD thesis in particular investigates the
chemical degradation of the encapsulant in order to understand the
degradation mechanisms and predict ageing. Figure (1.3) shows the STAPP
project program outline for the University of Nottingham.
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Figure 1.3: STAPP project program outline for the University of Nottingham.

1.4 Aim
This work aims to increase understanding and predict the degradation of the
encapsulant material, EVA, under different environmental conditions and the
associated changes in mechanical properties by examining the link between
the chemistry, the structure and the intrinsic mechanical behaviour. This will
enable module degradation to be understood and lead to better production
of more durable PV modules.

1.5 Objectives
1) To understand the degradation mechanisms.
2) To identify the suitable characterisation techniques.
3) To develop reliable accelerated ageing methods.
4) To correlate chemical degradation and morphological changes with
mechanical properties.
5) To investigate the kinetics of the thermal degradation of EVA and develop
a predictive model to be able to predict weight loss of EVA when it is
exposed to elevated temperature only.

6

Introduction
6) To investigate the photodegradation of EVA in order to develop a
predictive model to predict the degradation of EVA when it is exposed to
UV only.
In order to meet the aim and the objectives of the project, a series of tests
and experiments were designed to age the material under controlled
conditions and perform thermal, optical and mechanical analysis on the aged
material to study the effect of the ageing on the material properties,
characterise the aged material and investigate the kinetic parameters in order
to calculate the lifetime of the encapsulant and correlate it with mechanical
properties. Figure (1.4) illustrates the work flow chart for the experimental
programme. STAPP project emphasizes on the stability and performance of PV
modules and system and as a part of STAPP this PhD thesis focuses on
investigating the chemical degradation of encapsulant to understand the
degradation mechanisms to be able to develop a predictive model for lifetime
behaviour prediction.

Figure 1.4: The work flow chart for the experimental programme.
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1.6 Research novelty
There is number of previous works on the durability and reliability of PV
modules; including an extensive description of the hydro-photo-thermal
degradation mechanisms. There is, however, a missing link between the
ageing and degradation process and their consequences within the context of
morphological changes, mechanical behaviour and prediction of degradation
at isolated UV and isolated thermal ageing conditions. Therefore, the novelty
of this research can be summarised as


Correlating of the material’s degradation with its lifetime under in-service
climatic conditions.



Developing a predictive model in order to predict Photodegradation and
thermal degradation of EVA.



Investigation of link between moisture absorption and the changes in
crystallinity and viscoelastic properties of EVA.



Investigation of link between the chemical degradation, structure and
mechanical behaviour of EVA.

1.7 Thesis structure
The thesis is structured as below:
Chapter 2 gives an introduction to photovoltaic (PV) systems and introduces
Ethylene Vinyl Acetate (EVA) as a commonly used encapsulant. This chapter
also reviews the effect of environmental stresses (elevated temperature,
Ultraviolet (UV) and humidity) on the structure and behaviour of EVA and
gaps in the knowledge are discussed.
Chapter 3 describes the methodology, equipment, techniques, material,
sample preparation and artificial ageing process including elevated
temperature, UV radiation and damp-heat used throughout the research
project in order to conduct experiments.
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Chapter 4 contains a detailed study on the effects of elevated temperature
and thermal ageing on the structure, mechanical properties and chemical
degradation of EVA. In particular, a correlation between chemical and
mechanical degradation is presented. A general procedure for finding kinetic
parameters is used in order to predict the material lifetime.
Chapter 5 discusses the impact of UV on the chemical degradation, structure
and mechanical properties of EVA. Morphological changes, mechanical and
chemical degradation are correlated and presented.
Chapter 6 describes the effect of the moisture/humidity ingress and dampheat ageing on the structure and viscoelastic properties of EVA. It also
discusses the measurement of moisture diffusion coefficient.
Chapter 7 Comparatively studies the ageing impact on the structure and
mechanical properties EVA under different ageing conditions.
Chapter 8 presents conclusions from the thesis and recommendations for
future work.
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Chapter 2
Literature Review

2.1 Introduction
The global solar sector is going through a period of great change and it is
important that its full potential is grasped, along with the wide economic and
environmental benefits that it can bring. One of the challenges in this respect
is to make PV modules cost effective in order to support the growing energy
demand. Currently, however, PV module take-up and installation is
dependent upon government subsidy, owing to the marginal economic
benefit to the user as a consequence of the high capital cost and relatively low
lifetime (Anon 2013).
The lifetime of a PV module is generally limited by the degradation of the
constituent parts. The materials age and degrade and there is a continuous
decrease in the efficiency leading to eventual failure. One part that is
particularly susceptible to degradation is the encapsulant. The encapsualant
packages the silicon cells into a weatherproof structure with a front sheet,
usually of glass. This packaging is expected to protect the solar cells from
environmental damage. The most common encapsulant material is Ethylene
Vinyl Acetate (EVA) and degradation of this layer can lead to a significant drop
in a PV module’s efficiency, durability and lifetime.
Since EVA undergoes chemical degradation when it is exposed to heat,
humidity and Ultra Violet (UV) radiation, there is the possibility of a complex
interaction of several different ageing mechanisms. In order to be able to
predict and control the behaviour of EVA under various environmental
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conditions it is necessary to understand the degradation mechanisms and
mechanical behaviour under different climatic conditions.
Determining the effect of environmental stresses and artificial ageing on
polymeric materials is of concern in many engineering applications and has
been the subject of significant research (Liu, Wildman, Ashcroft, et al. 2012a;
Liu, Wildman & Ashcroft 2012; Elmahdy et al. 2010; Ashcroft et al. 2012;
Ashcroft et al. 2001). In this chapter we look to explore the state of the art
before discussing the gap in knowledge and the proposed programme of
work.

2.2 Photovoltaic (PV) system
Photovoltaics is an approach to direct conversion of sunlight into electricity
(Stone 1993). A solar cell is an electrical device that converts the sun’s light
energy into electricity. In order to provide useful power for any application,
the individual solar cells must be connected together to give the appropriate
current and voltage levels and they must also be protected from damage from
the environment in which they operate. This electrically connected and
environmentally protected unit is usually termed a photovoltaic (PV) module.
A series of multiple photovoltaic modules form a photovoltaic array. Figure
(2.1) illustrates the components of a solar array.

Figure 2.1: An illustration of a solar array and its components.
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The structure of PV modules consists of various material layers. There is a top
sheet, which is usually low iron glass, encapsulant surrounding the silicon
wafers, a back sheet which can be glass or polymer and a junction box. The
basic construction of a typical PV module is illustrated in Figure (2.2). This
package is the PV module, or solar panel. In other words a PV module is a
collection of individual solar cells integrated into a package which protects
them from environmental factors including rain, snow, dust, thermal and
mechanical stresses.

Figure 2.2: Structure of a PV module showing different material layers (courtesy to Micro
System Services (MSS)).

A standard PV module has an area of 0.5 m2 to 1 m2 and thickness of 5-20 mm
(Carlsson et al. 2006). The structure of the PV module is dictated by several
requirements; including the electrical output, which determines the number
of cells incorporated; the transfer of as much light as possible to the cells, the
cell temperature, which should be kept as low as possible, and the protection
of the cells from exposure to environmental stresses.
Environmental conditions play a crucial role in the durability, performance
and lifetime of the PV systems. A PV module’s performance deteriorates when
it is exposed to outdoor environmental conditions, which affect the reliability
12
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of the PV modules in the long term (Vázquez & Rey‐Stolle 2008). PV modules
are required to survive 20 to 25 years to achieve economic break even. The
most important factor in PV electricity generation is to make it economically
viable and assure maximum power output for the lifetime of PV modules (S.H. Schulze, S. Dietrich, M. Ebert 2008).
Among the various materials in a PV module, the encapsulation material is
one of the most critical components in terms of durability. The encapsulant
serves a number of different purposes. It mechanically protects the devices
and electrically insulates them (Jorgensen & McMahon 2008). It also packages
the silicon cells into a weatherproof structure. Packaging cost is 50% of the
total material cost in a PV module, which shows its economic importance
(Osterwald & McMahon 2009).
The solar panel must be protected against these factors (Osterwald &
McMahon 2009):


Corrosion of metallic materials,



Water vapour permeation/moisture ingress,



Delamination of encapsulant,



Damage from physical environmental factors such as wind, hail, etc.,



Thermal expansion mismatch,



UV exposure,



Damage to external parts such as the junction box.

To avoid or limit moisture ingress, good sealing and adhesion are required.
The adhesion quality is mainly dependant on factors such as (Lange et al.
2011):


The cleanliness of the material sheets, e.g., the glass panel.



The condition of encapsulant material prior to lamination i.e. storing.



The

lamination

process,

with

process

parameters

including

temperature, pressure, duration and homogeneity of the distribution
of these factors.
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The homogeneity of the lamination temperature profile, which is
important to achieve a high electrical yield and a long module lifetime.

Due to the importance of PV module durability there is increasing demand on
the performance of the glass/encapsulant laminates (A.K. Plessing 2003). In
numerous publications, delamination has been reported as one of the major
failure

mechanisms

in

PV

modules,

with

the

emphasis

on

the

glass/encapsulant interface (Pern 1996; Pern & Glick 2003). However,
delamination at the backsheet interface has also been reported to
significantly contribute to failure initiation in PV encapsulation (Oreski &
Wallner 2005).
Another crucial feature the encapsulant material must have is the ability to
transmit light under long term UV exposure. Although the degradation may
have a minor effect on light transmission it needs additional tests and
research (Michael D Kempe 2008).
Since one of the PV encapsulant’s roles is to serve as a mechanical support, it
is essential to study the mechanical properties of the encapsulant. Kemp’s
investigation (M D Kempe 2005) showed that EVA experiences a phase
transition over the temperature range of -40°C to 80°C where the elastic
modulus decreases by a factor of 500. This transition can be attributed to EVA
having a melting temperature >65°C and glass transition temperature (-15°C).
The mechanical stability of PV modules should ensure resistance against wind
(up to 2.4 kPa) and snow (up to 5.4 kPa). To reach such mechanical stability,
good support of the module glass and mounting of the module is required.
However, reducing the support and mounting material is a key factor to
lowering the cost of the module, which has led to the construction of modules
without a frame being quite common. The complexity of the mechanical
behaviour of PV modules requires us to consider various factors such as time,
temperature and the age dependent properties of material. It is also reported
that 68% of recorded module failures have occurred either at the free edge or
the clamp, which can be correlated with stress concentration regions based
14

Literature Review
on Finite Element (FE) simulations (S. Dietrich, M. Sander, M. Ebert 2008;
Sascha Dietrich, Matthias Pander 2009).

2.2.1 Commonly observed PV module degradations in field
The field degradation of PV modules can be classified into five categories:
1) Degradation of packaging materials such as glass breakage, discolouration
of the encapsulant and back sheet cracking. In the case of thin film
modules, 90% of the failures are related to the packaging materials
(McMahon 2004).
2) Loss in adhesion strength or delamination. Field experience has shown
delamination on the front side of the module is more common than the
back side. This can also cause optical decoupling and prevent effective
heat dissipation. Module reliability is inextricably related to the cohesion
and adhesion of all material layers in the module (Jorgensen & McMahon
2008).
3) Degradation of cell/module interconnects.
4) Degradation caused by moisture ingress, which causes corrosion in
metallic parts and increases current leakage. Moisture permeation also
results in delamination (Dhere 2000; Dhere, Neelkanth G. and Pandit,
Mandar 2001; Osterwald et al. 2003).
5) Degradation of the semiconductor devices.
These various degradations can lead to termination of the ability of the PV
module to produce useful safe electricity and are dependent on various
factors, some of which are difficult to simulate in the laboratory (Quintana et
al. 2002). Data collection from field experiments started in the 1970s, but this
has not been well coordinated. Different field data show different outcomes,
which is due to different environmental and measurement conditions
(Quintana et al. 2002). For instance a system tested for a period of ten years
from the mid-eighties showed a power loss of 1% to 2% per year (A. L.
Rosenthal, M. G. Thomas 1994). Field data collection from multi-crystalline
modules for a period of eight years in Sandia, USA, showed 0.5% loss in
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performance per year (King et al. 2000). A study performed by National
Renewable Energy Laboratory (NREL) shows both single and multi-crystalline
field modules to degrade at about 0.7% per year (Osterwald et al. 2002).
These differences in the field data show the variability and dependency on
environmental and measurement conditions.
In the next section, the properties and structure of the most common PV
module encapsulant, Ethylene Vinyl Acetate (EVA), will be reviewed.

2.3 Ethylene-vinyl Acetate (EVA)
Copolymers were developed to expand industrial utilization of polymeric
materials due to the limited use and restricted properties of homopolymers
(Çopuroğlu & Şen 2004). EVA is a copolymer of ethylene and vinyl acetate
with the structure shown in Figure (2.3). EVA is the most commonly used
encapsulant in the PV industry due to its low cost, high adhesion strength and
high transparency. EVA’s flexibility has made it popular in many industries,
including foot ware (Allen et al. 2005; Chiu & Wang 2007), the toy industry
(Globus et al. 2004), agricultural (Abrusci et al. 2012) and in PV applications
(Czanderna & Pern 1996).
EVA has been in commercial use in PV modules since 1981 (Wohlgemuth &
Petersen 1991). The EVA used in the PV manufacturing industry is 28%-33%
weight percentage vinyl acetate compounded with additives such as a curing
agent, UV absorber, a photo antioxidant and a thermo antioxidant (Klemchuk
et al. 1997). In the range of 400 nm-1100 nm, this EVA shows nearly the same
optical transmission as glass. The properties of the EVA which make it a good
encapsulation choice are high electrical resistivity, low polymerization
temperature, low water absorption ratio and good optical transmission
(Czanderna & Pern 1996; Schulze et al. 2009).
The vinyl acetate content (VAc) has a substantial effect in EVA’s properties
and structure. It is reported that the lower the amount of VAc the more the
copolymer is akin to polyethylenes, with higher crystallisation, but increasing
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VAc prevents adjacent polyethylene chains crystallizing and EVA’s structure
tends to be amorphous and rubbery (Rodríguez-Vázquez et al. 2006) this is
mostly seen when the VAc exceeds beyond 43% by weight (Kamath &
Wakefield 1965).

Figure 2.3: Chemical structure of EVA copolymer.

Recently the PV industry has focused on the improvement of lifetime at the
material level, and the encapsulant has become the subject of research. EVA
undergoes degradation when it is exposed to harsh environmental conditions.
The main degradation product of the photo-thermo-chemical degradation of
EVA is acetic acid, which causes corrosion in the metallic parts of PV modules
and deteriorates the adhesion properties of the EVA. UV also causes
discolouration in EVA, which affects the efficiency of PV systems. Moisture
ingress causes problems such as delamination and corrosion. These problems
show the important effect of environmental and climatic conditions on the
durability of PV modules.
PV systems are used in many different continents and regions with very
different environmental conditions. Therefore, it is important to be able to
predict the potential failure modes of the system in different climates to
achieve the desired reliability, durability and economical break even. Thus,
there is a need to investigate and understand the degradation factors and
mechanisms involved in this degradation.
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2.3.1 EVA storing condition and curing process
Virgin (uncured) EVA is usually provided commercially in sheet form. As
mentioned in section (2.2), the pre-lamination condition of EVA has a great
influence on the quality of the lamination. The EVA manufacturers
recommend an optimum temperature of 22°C (generally below 30°C) as a
storage temperature and a relative humidity (RH) of 50% (Krauter et al. 2011).
The virgin EVA should be kept out of direct sunlight and should not be stored
for more than 6 months. The technical manual of Photocap® shows the
adhesion strength of EVA reduces as the storage duration increases (Krauter
et al. 2011).
In order to achieve suitable mechanical and optical properties EVA should be
cured. The recommended curing level ranges between 70% and 90% which
depends on the type of EVA and backsheet. A good combination of curing and
lamination can slow down the ageing of solar cells and the delamination
process. During curing cross-linking occurs and the EVA is converted from a
thermoplastic into a thermosetting material, which provides the protection of
the active PV elements in the module (Lange et al. 2011).
Previous research into the impact of the various EVA degradation factor is
reviewed in the next section.

2.4 The effect of environmental stresses on the
properties and structure of EVA
PV modules are exposed to various harsh environmental stresses such as UV
radiation, heat, humidity, pollutants and thermal cycles. Additional physical
climatic factors, e.g. rain, dust, wind and hail, can also have a deteriorating
effect. All these factors deteriorate the durability, stability, reliability and
performance of the PV modules (Czanderna & Pern 1996; Oreski & Wallner
2005). It is necessary, therefore, to understand the degradation mechanisms
caused by the main environmental stresses in order to predict the lifetime
and change to performance of a PV module in-service.
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2.4.1 The effect of elevated temperature
EVA undergoes a two-step thermal degradation when it is exposed to
elevated temperatures which is investigated by several researchers (Häußler,
L. , Pompe, G., Albrecht, V., Voigt 1998). The first stage of the thermal
decomposition of EVA is an acetate pyrolysis; evolving mainly acetic acid in a
so-called deacetylation process, as shown in Figure (2.4). The second stage of
the degradation is the degradation of any remaining partially unsaturated poly
ethylene polymer and the production of a large number of straight-chain
hydrocarbon products by breakdown of the hydrocarbon backbone
(McGrattan 1994; Sultan & Sörvik 1991a; Sultan & Sörvik 1991b; Sultan &
Sörvik 1991c; Camino et al. 2000; Zanetti et al. 2001; Riva et al. 2003; Kaczaj &
Trickey 1969; Gilbert et al. 1962).

Figure 2.4: Acetic acid formation (deacetylation).

Allen et al. (2001) investigated the thermal degradation of EVA in the
presence of oxygen (thermal oxidation) and reported that the main
degradation of EVA is the loss of acetic acid (deacetylation), which is followed
by oxidation and main chain breakdown. They also reported that the rate of
degradation is greater in the presence of oxygen.
Numerous researchers (Trombetta et al. 2000; Gulmine et al. 2002; Bauer et
al. 1999; Post et al. 1995; Price & Church 1997; McNeill et al. 1976) have used
Fourier Transform Infrared Spectroscopy (FTIR) combined with other
techniques to investigate pyrolysis of polymers. (Marcilla et al. 2005) studied
the thermal pyrolysis of EVA; using combined thermogravimetry (TG)/FTIR to
investigate evolved gas during the degradation. A TG analysis was used to
decompose three commercial EVA copolymers in an inert atmosphere which
was connected to a FTIR in order to study the evolved gas. Their experimental
results clearly show a two-step decomposition. The FTIR spectra of the
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evolved gas revealed that during the first stage of decomposition the evolved
gas were mainly acetic acid and small quantities of CO, CO2 and CH4. The
spectra from the second stage of the decomposition showed traces of alkene
and alkane mixtures, plus small amounts of aromatic compounds.
Costache et al. (2005) used Gas Chromatography-Mass Spectroscopy (GC-MS)
and TGA/FTIR to investigate the impact of nanoclay in the degradation of EVA.
Their results also show a two-stage degradation. The TGA/FTIR results showed
the evolution of acetic acid, CO2 and water on the early stages of degradation.
The presence of the nanoclay catalysed the loss of acetic acid in the first stage
of the degradation. They reported that the thermal degradation process of
EVA in the presence and absence of nanoclay are very similar, however, there
are subtle changes, shown by differences in the quantity and quality of the
products which are formed during the degradation. They finally concluded
that nanoclay can promote one of the degradation pathways at the expense
of another and thus lead to different volatilization rates and products.
Rimez et al. (2008) investigated the thermal degradation of EVA with 50%
vinyl acetate (VAc) content through an experimental study. In order to
investigate both the volatiles and the solid degradation products different
techniques were used such as solid state Nuclear Magnetic Resonance (NMR),
TG coupled with Mass Spectrometry (MS) and Differential Thermal Analysis
(DTA). The results showed that the deacetylation occurs between 300°C and
400°C.
Rimez at al. (2008) studied the kinetics of the degradation of EVA with 33% of
vinyl acetate according to a mechanistic approach in which isothermal, linear
heating and High Resolution (Hi-Res) TGA were used. Their calculated values
for activation energy (E) and pre-exponential (a) factor by the Kissinger
method are shown in Table (2.1).
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Table 2.1: Kinetic parameters calculated by (Rimez, Rahier, Van Assche, Artoos & Van Mele
2008).

Process

Parameter

Value

log(a)

12.7 (s )

E

177.5 (kJ/mol)

-1

Deacetylation

Marín et al. (1996) investigated the thermal degradation of EVA in granule
form and focused on calculating the activation energy of the deacetylation
process by establishing the polymer weight loss with temperature. Their TG
results show that the deacetylation starts at about 286°C and finishes at
396°C. The maximum reaction rate occurred at around 317°C. They also
reported that as the vinyl acetate concentration increases the degree of
crystallinity deceases and the end-product shows behaviour similar to
thermoplastic rubbers. The decomposition of EVA depends on the heating
rate; the maximum deacetylation temperature increases with increasing
heating rate. The calculated values of activation energy for EVA with different
VAc (12% and 20%) by different methods are presented in Table (2.2).
X. E. Cai (1999) studied the two-step degradation of EVA with 43.8% VAc by
TG/FTIR. They reported that heating rates from 5°C to 40°C gave good TG
curves and used the Kissinger method to calculate 221 kJ/mol for activation
energy.
Table 2.2: Activation energy calculated for EVA with 12% and 20% VAc (EVA-12 and EVA-20)
by different methods (Marín et al. 1996).

Method

EEVA-12 (kJ/mol)

EEVA-20 (kJ/mol)

Van Krevelen

165±16

185±18

Horowitz-Metzger

168±17

188±19

Coats-Redfern

158±16

177±18
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Palacios et al. (2012) have investigated the thermal degradation kinetics of
EVA nanocomposites. They reported a two-step degradation with the first
step (deacetylation) occurred in the range of 300°C-400°C. They calculated
179 kJ/mol for the deacetylation activation energy and 329 kJ/mol for the
second stage (chain session).
Despite all the previous research, there is still a missing link between the
ageing process, lifetime and the consequences of that ageing within the
context of morphological changes and mechanical behaviour.

2.4.2 The UV effect
EVA in a PV module exposed to outdoor conditions undergoes photothermal
degradation, which may result in discolouration, developing from a light
yellow to dark brown in about five years or more depending on the site,
module configuration and operating temperature (Czanderna & Pern 1996).
Data from Carrisa solar farm in California showed discolouration is also
responsible for performance degradation at a rate of 10% per year (Pern
1993; Wenger et al. 1991).
Pern (1993) studied the optical characteristics and properties of EVA before
and after weathering. His findings show that the uncured EVA develops
yellowing even in the dark at room temperature after around one year while
some cured EVA films have developed a lighter yellowing in two or three
years. The degree of yellowing for uncured EVA is four times greater that of
cured EVA in five years. The front side of the EVA which was exposed to direct
UV, degraded earlier, and to a greater extent and the results clearly show that
the degradation of EVA starts from the top layer at the front side and extends
to the grid side. Pern (1993) also reported that the discolouration of EVA is
accompanied by acetic acid formation (deacetylation) and crosslinking.
Jin et al. (2010) focussed on the impact of UV on behaviour of EVA with
different VAc. A Xenon lamp with an intensity of 0.53 W/m2 at wavelength of
340 nm and constant temperature of 65°C was used to age samples up to 800
hours. The techniques used in their study include Attenuated Total
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Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR), High
Temperature Gel Permeation Chromatography (HTGPC), TGA, Differential
Scanning Calorimetry (DSC) and mechanical tensile testing. In the case of EVA
with 14 wt% VAc the ATR-FTIR results showed absorption shoulder at 1715
cm-1 and 1175 cm-1 associated with C=O stretching. This might indicate
acetaldehyde evolution in the Norrish lll photoreaction (Allen et al. 1994) or
H2O deprivation of hydroperoxide (Copuroglu & Sen 2005; Çopuroğlu & Şen
2004). In (Czanderna & Pern 1996; Morlat-Therias et al. 2007; Lacoste et al.
1991; Glikman et al. 1986) the major sequences of photothermal degradation
including Norrish reactions are described and these ae shown schematically in
Figure (2.5). In the case of EVA with 18 wt% VAc the maximum carbonyl
formation shifts to 1163 cm-1, indicating the chain scission and greater
damage to the EVA with the higher VAc (Çopuroğlu & Şen 2004; Allen et al.
2001). Growth was also seen in the 1735 cm-1 peak and the emergence of a
new carbonyl band at 1780 cm-1, which can be attributed to lactone formation
(Allen et al. 2001). Variation was also seen at 1175 cm-1, 1715 cm-1 and 1163
cm-1 due to formation of carboxylic acid, especially in the first 400 hours, with
the higher VAc EVA showing greater variation comparing to the EVA with
lower VAc. This is because vinyl acetate is vulnerable to UV and can easily
form reactive radicals which can weaken the polymers resistance to UV
irradiation. Degradation can extend from the surface to the entire polymer by
the accumulation of radicals and penetration of oxygen. HTGPC results in this
study showed that EVA with higher VAc had greater molecular weight
reduction on ageing due to having shorter ethylene chain segments lengths.
The DSC results showed that both EVA types exhibited multiple melting
endotherms, starting at about 41.3°C which are stable during the ageing. The
endotherms at the lower and medium temperatures can vary during the
ageing and are due to secondary crystallizations while the major peak can be
attributed to the primary crystallization (Chen et al. 2009b; X. Shi et al. 2009;
Lee & Kim 2008; K.A. Moly et al. 2005; Brogly et al. 1997). Mobile vinyl acetate
units can easily absorb photon energy and generate unstable radicals, where
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photochemical degradations can then initiate (Jin et al. 2010a). TGA of the UV
aged EVA showed a two-step weight loss where the first completed at about
403°C and the second one finished within 405°C and 510°C (Costache et al.
2005; Tambe et al. 2008). Mechanical testing showed a decreasing tendency
in the tensile strength, elongation at break, and modulus at 100% elongation
of EVA before and after ageing. However, EVA with lower VAc exhibited more
rigid mechanical properties (tensile strength, elongation at break, and 100%
stretching stress) which is due to the higher crystallinity (Jin et al. 2010a).
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Figure 2.5: Photodegradation mechanism in EVA (Morlat-Therias et al. 2007).

Morlat-Therias et al. (2007) studied the influence of carbon nano-tubes on
photodegradation of EVA and reported that the main acetate absorption band
appears at 1740 cm-1. There are two shoulders next to this main peak with
maxima at 1718 cm-1 and 1780 cm-1, which are attributed to the formation of
carboxylic acid and lactone respectively. An unsaturated compound is a
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chemical compound that contains carbon-carbon double bonds or triple
bonds. In photodegradation, unsaturations are responsible for discolouration
which corresponds to vinyl bonds at 909 cm-1 and 990 cm-1. There is also a
growing peak at 3520 cm-1 attributed to alcohols associated with the acetate
group. It is also reported that the rates of photooxidation of EVA in different
samples can be compared by measuring the increase of absorbance at 1718
cm-1 with the ageing time. Esterification is also important in EVA degradation
since it results in acid formation which causes corrosion in the PV modules
and affects the mechanical properties of EVA. Badiee et al. (2014) investigated
the effect of UV ageing on the chemical degradation of EVA and found that UV
makes significant chemical changes compared to other degradation factors,
including the formation of carboxylic acid and lactone.
A typical way that PV modules fail is to lose optical transmission due to
discolouration and yellowing, which is, however, less of a problem since the
1990s, due to improvements in UV absorbers and antioxidants (Pern & Glick
1997; Kempe et al. 2011; W.H. Holley, S.C. Agro & Yorgensen 1996). Although
modern PV modules pass various UV exposure tests it should be noted that
there might still be a reduction in optical transmission considering in-service
as the standard test is around 6 months in an environmental chamber using
highly UV transmissive glass, is much less than the desired PV lifetime (20-25
years) (Michael D Kempe 2008). Myer Ezrin at al. (1995) investigated the
discolouration of EVA and reported that this is due to the developing long
chain on conjugated double bonds as a result of loss of acetic acid from vinyl
acetate units.
Klemchuk et al. (1997) investigated the degradation of EVA in field aged PV
modules. They reported that UV-B transmission (285 nm-330 nm) is mostly
responsible for EVA degradation and discolouration, with the spectrum of
terrestrial sunlight ending at about 290 nm. Their findings showed that the
discolouration started with a very thin layer at the interface under the front
glass. Berman et al. (1995) and Berman & Faiman (1997) studied the effect of
discolouration on module efficiency in field. They observed that the mean
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maximum power value of 43.7 W for a set of discoloured modules was 5%
below the manufacturer’s guaranteed value. Kojima & Yanagisawa (2004)
similarly made a comparative investigation on the degradation of EVA in the
range of 280-380 nm. They observed slight yellowing in the EVA film after
around 500 hours. Isarankura et al. (2008) investigated the photodegradation
behaviour of EVA and the impact of antioxidants on the photostability of the
material. They reported that EVA predominately degraded under UV
irradiation via a chain scission process and the type and amount of
antioxidants had a significant effect on the photostability of the EVA. They
also found that some antioxidants caused the tensile strength of EVA to
decrease after UV irradiation.
Numerous studies have been carried out at National Renewable Energy
Laboratory (NREL), USA (Pern 1996; Pern & Glick 1997; Pern et al. 1996; Pern
et al. 2000). These studies showed that the module service life can be greatly
improved and extended if UV≤350 nm is removed, as this was seemed to
reduce the UV-induced discolouration. They summarised the main
discolouration factors as:


The UV light intensity.



UV filtering effect of glass.



Lamination quality/delamination and Curing treatment and process.



Film thickness.



The photodecomposition of Cyasorb (UV absorber).



The loss rate of UV absorber.



EVA formulation and additives used.

Despite all the previous studies, there is still a missing link between the ageing
process, prediction of the EVA’s photodegradation and the consequences of
that photodegradation within the context of mechanical behaviour and
structural changes.
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2.4.3 The effect of damp-heat and moisture ingress
The exposure of PV modules and especially the polymeric materials to
permanently changing climatic conditions is one of the critical degradation
factors. The components of the gaseous atmosphere, such as water vapour,
cause hydrolysis and other chemical reactions which affect and reduce the
lifetime of a PV module.
Moisture ingress in PV modules is via absorption with water molecules
diffusing through the polymeric materials. The process includes adsorption of
water molecules at the surface of the polymer followed by diffusion along a
concentration gradient through the material. This process continues until
equilibrium with the ambient condition, and the diffusion parameters can be
approximated with Fick’s second law (Vieth 1991; Crank 1968).
Moisture ingress into a PV module can deteriorate the performance and
durability significantly during the module’s lifetime in various ways. Moisture
causes corrosion in metallic parts, increase the current leakage by increasing
the conductivity of the encapsulant (Quintana et al. 2002), delamination and
bubble formation. The moisture ingress in PV modules in Miami, Florida, has
been correlated with failure rate, especially in hot and humid (damp)
conditions (King et al. 2000). This plus other reports show the importance of
moisture induced failures (Visoly-Fisher et al. 2003; Malmström et al. 2003).
Investigations by Kempe (Kempe 2006; M.D. Kempe 2005) showed the rate of
moisture ingress into PV modules and reported that the diffusivity of water
has an Arrhenius dependence on temperature. The diffusion was found to be
Fickian within the experimental uncertainty. He reported that in modules with
a breathable back-sheet the moisture absorbed at night is desorbed during
the day due to the higher temperature of the module and higher ambient
water vapour pressure. However, the module can saturate in a rainy climate,
especially when there is a drop in the temperature, which can be a substantial
problem owing to droplet formation by trapped water. Impermeable
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backsheets are better moisture barriers, however, water can still penetrate
and reach the centre of the module in a few years via the encapsulant.
Hülsmann et al. (2010) measured water vapour permeation into PV modules
by a permeation test device developed and built in the Fraunhofer Institute
for Solar Energy Systems (ISE), which is described in (Hülsmann et al. 2009).
They conditioned the EVA at 85°C-85% RH, which is a commonly used
condition for qualification testing for PV applications. Numerous researchers
Hulsmann and colleagues (Hülsmann et al. 2013; Kim & Han 2013; Hülsmann
et al. 2010) similarly investigated the water vapour ingress into PV modules
under different climatic conditions. They reported that the water
concentration in the encapsulant between the glass and solar cells is highly
dependent on the climatic conditions. Another important factor is the
temperature dependency of the mass transfer and the combination of
encapsulant and back sheet materials.
Kapur et al. (2009) investigated the rate of moisture ingress through EVA
laminated between impermeable substrates in damp heat conditions (85%
RH, 85°C) for 1000 hours. The measurement was determined by the FTIR
method and it was reported that the moisture level in the encapsulant could
be determined by integration of the Infrared (IR) bands at 1880 nm and 1990
nm. It was seen that the experimental data compared well with that predicted
by a Fickian based diffusion model. Table (2.3) presents a summary measured
moisture diffusion coefficient in the literature.

Iwamoto & Matsuda (2005) and Rashtchi et al. (2012) investigated the
moisture ingress and water concentration in the encapsulant within a PV
module. They found that there are notable changes in the FTIR spectrum of
EVA between 3400 and 3700 cm-1 which is a good indicator of the presence of
water.
IEC 61215 is a qualification test that PV modules should pass in order to
participate in the solar energy market. Modules that have passed the
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qualification test are much more likely to survive in the field. Numerous
researchers (Markus Bregulla, Michael Köhl, Benjamin Lampe, Gernot Oreski,
Daniel Philipp, Gernot Wallner 2007) investigated the degradation of EVA at
85°C, 85% RH, which is comparable to test 10.13 (damp-heat test) of IEC
61215 Ed. 2 for PV modules. The ATR_FTIR spectra of standard cured EVA
showed a growth in the peak at around 3500 cm-1, which is due to water
diffusion.
E. U. Reisner et al. (2006) reported that the peak temperature of an insulated
Building Integrated Photovoltaic (BIPV) module was 60°C to 80°C while the
peak temperature of a free standing module was 40°C to 50°C, where the
ambient temperature ranges between 30°C and 35°C in Belem, Brazil. In the
first six hours of night the encapsulant absorbed water. After sunrise the
module desorbed water due to increasing module temperature which is
greater than the ambient temperature. It should be noticed that the influence
of relative humidity is not considered in this study.
X. Shi et al. (2009) and Chen et al. (2009) reported the effect of damp heat
ageing on the structure and properties of EVA with different vinyl acetate
content (VAc). In this study EVA was aged at 40°C-93% RH and analysed with
various techniques including ATR-FTIR, DSC and Wide Angle X-ray Diffraction
(WAXD). Based on ATR-FTIR results the characteristics of the absorption peaks
were identified as presented in Table (2.4). For the sake of quantitative
comparison a Carbonyl Index (CI = A1735/A720) was introduced and during the
eight-week ageing the CI decreased in the first week of the ageing but then
increased to equal or more than that of the original values on further ageing.
This variation is due to a pyrolysis including a two-step decomposition;
acetate pyrolysis evolving acetic acid, followed by the breakdown of the
hydrocarbon backbone. However, the presence of oxygen causes ketone
formation via acetaldehyde formation and then formation and destruction of
aldehydes to form carboxylic acids. It can be concluded that the degradation
of all EVA samples, with different VAc, can be characterised by the loss and
formation of O=C group which explains the decrease and increase of CI. The
30

Literature Review
WAXD results suggested there was no significant change observed in the
crystalline phase during the ageing. Their DSC results showed the EVA with
lower VAc has longer average ethylene sequence length and therefore forms
bigger crystals which require a higher temperature to melt. Some DSC results
for EVA with 28% VAc (EVA28) showing onset melting temperature (𝑇𝑚𝑜𝑛 ), final
𝑓

melting temperature (𝑇𝑚 ) and crystallinity (Xc) are presented in Table (2.5).
Their hardness results showed that hardness goes up with decreasing VAc and
can be correlated to crystallization. Tensile tests results surprisingly indicated
that damp heat ageing had no effect on the tensile properties of the EVA
copolymers used in this study.

Table 2.3: Measured diffusion coefficient (D) in the literature.

Material

EVA

EVA

Method/device

Illinoise 7001

Permeation test
device (developed by
Fraunhofer ISE
(Hülsmann et al.
2009))

EVA

Gravimetric

EVA

Self-developed
permeation test
device in Fraunhofer
ISE

EVA

Mocon PermatranW® 3/31

Conditions

D
(m2/s)

50°C,
35°C,
20°C,
@ 60% RH

3×10
-10
2×10
-10
1.5×10

80°C,
75°C,
55°C,
50°C,
40°C,
30°C,
20°C

7×10
-9
8×10
-9
9×10
-9
9.5×10
-10
1×10
-10
5×10
-10
7×10

60°C,
40°C,
20°C
@ 85% RH

3.2×10
-10
1.2×10
-10
0.8×10

38°C,
30°C,
22°C
@ 90% RH
85°C,
60°C,
40°C,
25°C
@ 100% RH

Other
Reference
information

-10

-

(Kim & Han
2013)

-9

-10

-

(Hülsmann
et al. 2013)

Thickness: 1
mm,
Laminated
with TPT
backsheet

(Hülsmann
et al. 2010)

-

(Hülsmann
et al. 2009)

-10

1×10
-11
6.7×10
-11
4.2×10
-10

7.5×10
-10
4×10
-10
1×10
-11
7×10

1000 hours,
Thickness:
0.46-2.84
mm

(Kempe
2006)
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Oreski & Gernot M. Wallner (2010) investigated the thermal and thermo
mechanical behaviour of EVA before and after damp heat ageing by DMA and
DSC under three conditions (85°C-85% RH, 65°C-85% RH, 85°C-30% RH). They
reported that at certain temperatures the aged materials became softer,
showing smaller storage modulus values. The DSC results in this study showed
a broad melting area between -20°C and 80°C with a single peak at 45°C and a
shoulder at 55°C. There was a secondary melting point observed in the first
heating whereas in the second heating the peak at 45°C disappeared and a
regular melting peak at 55°C was seen. The secondary melting was assigned to
the secondary crystallization, which happens in the area between primary
crystals during storage at ambient temperature or exposure to an elevated
temperature. Some have attributed the secondary melting point of EVA to a
less organised crystal phase (Brogly et al. 1997). Since the melting process of
ethylene copolymers starts immediately above the glass transition
temperature (Tg) it is suggested that structural changes and rearrangements
are possible at room temperature (Loo et al. 2005; Androsch 1999). It was also
observed that several changes in the first 250 hours of exposure which
strongly depended on the temperature. Whereas the humidity level has only a
slight impact on the material properties. The changes observed include
recrystallization and increase in storage modulus, which can cause some
problems during the module’s service life associated with delamination,
thermal expansion or external physical stresses such as wind, hail, etc. The
stiffening of the EVA can also result in silicon solar cell cracking.
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Table 2.4: The characteristics of the ATR-FTIR absorption peaks.

Absorption peak

Wave number
(cm-1)

Symmetrical
stretching vibration

2920

of methylene
Asymmetrical
stretching vibration

2852

of methylene

Ethylene segment
Deformation
vibration of

1465

methylene
Flexural vibration of
methyl

1370

Inner rocking
vibration of

721

methylene
Stretching vibration
of C=O

Vinyl acetate
groups

1735

Asymmetrical
stretching vibration

1237

of C-O
Symmetric stretching
vibration of C-O-C

1020
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Table 2.5: Some DSC results for EVA with 28% VAc (Shi 2008; X. Shi et al. 2009).

Sample

𝐨𝐧
𝐓𝐦

𝐟
𝐓𝐦

(°C)

(°C)

0

48.4

81.5

10.10

1

47.8

81.5

11.66

8

50.8

82

13.5

Ageing duration (week)

EVA28

Xc (%)

In spite of all the previous work, there is still a missing link between the
consequences of damp heat ageing, moisture diffusion and moisture
concentration gradient within the context of mechanical behaviour and
changes in the crystallinity of EVA.

2.4.4 The effect of combined degradation factors
As mentioned in the previous sections, the reliability and performance of PV
modules are highly influenced by the behaviour of the encapsulant. The
degradation of encapsulant is dependent on the environmental conditions,
mainly humidity, elevated temperature and UV (Pern et al. 1996; Pern 1997;
Kempe 2010; W. Herrmann, N. Bogdanski 2010).
Peike et al. (2012) investigated the impact of permeation properties and
backsheet-encapsulant on the reliability of PV modules. They conditioned the
sample under climatic conditions including combined ageing (85°C-85% RH,
85°C-90% RH-190 kWh/m2, 60 kWh/m2) up to 1000 hours. The encapsulants
used in this study were EVA, Thermoplastic Silicon Elastomer (TPSE), ionomer
and Polyvinyl Butyral (PVB). The backsheet materials included Tedlar-PETTedlar (TPT) foil, polyamide (PA) sheet and Polyethylene Terephthalate (PET)
composite film. The results of the study showed that the average Water
Vapour Transmission Rate (WVTR) and Oxygen Transmission Rate (OTR) were
higher for the encapsulants in comparison to the backsheets. Hence, the
backsheets can be atmospheric gas ingress resistors. They also reported that
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after combined UV/DH ageing, yellowing was three to five times greater in the
TSPE/TPT, the TPSE/PA and the PVB/PA laminates in comparison to other
combination of backsheet/encapsulant.
Kojima (2004) also investigated the effect of combined ageing on the
degradation of EVA film. They reported that UV absorbance of EVA is
dependent on surface coarseness or the state of moisture absorption. An
increase was also seen in the transmissivity of EVA in the region of 250-400
nm which could be attributed to a reduction in the UV absorber used for
suppressing photodegradation.
These previous studies have illustrated the influences of moisture/water
vapour ingress on the behaviour, properties and structure of EVA. However,
there is still a gap in the current knowledge which is the relation between field
conditions and the consequences of field ageing on the performance of EVA
as the encapsulant. This will be explained in the next section.

2.5 Gaps in the current durability and lifetime studies of
PV modules academic research and industry
The proceeding literature review has demonstrated the significant previous
work on the durability and reliability of PV modules at a material level, and in
the encapsulation material in particular; including an extensive description of
the hydro-photo-thermal degradation mechanisms. In particular, it was seen
that one of the main degradation products is acetic acid which causes
numerous problems such as corrosion in metallic parts and delamination.
There is, however, a missing link between the ageing process and the
consequences of that ageing within the context of mechanical behaviour and
prediction of the EVA photodegradation and thermal degradation. Previous
research on EVA has considerably shown that it undergoes degradation
following exposure to environmental factors (e.g. UV, humidity and elevated
temperature). Despite the information available in the literature on the
degradation mechanisms, no work has been reported that correlates the
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material’s degradation under sever in-service climatic conditions, which is
crucial for evaluating the performance of PV modules in a specific
environment. There is also very limited work published on the link between
the chemical degradation and mechanical behaviour of EVA which needs
further investigation. These identified gaps in the literature form the basis for
the research challenges identified for this thesis.

2.5.1 Research challenge 1
During operation in the field the temperature of modules can reach up to
85°C. Continuous long term exposure of EVA to high temperature causes
thermal degradation. Therefore, it is necessary to isolate this degradation
factor in order to predict the lifetime of EVA when it is exposed to the working
condition of PV modules.
This research seeks to address the need to understand changes in the EVA as
a result of thermal exposure by examining the link between the evolving
chemistry, structure, mechanical behaviour and predict the weight loss as a
result of thermal degradation.

2.5.2 Research challenge 2
Sunlight is a necessity to produce electricity via PV modules. However the
sunlight spectrum includes UV which causes EVA to photochemically degrade.
The main product of the photochemical degradation is acetic acid and the
reaction also causes discolouration, which affects the durability and
performance of the PV modules. Despite the numerous studies on the
mechanisms of photodegradation of EVA, there is limited published work on
correlating the photodegradation of EVA to structural changes and
mechanical property degradation seen when exposing a PV module to
operating conditions.
This study aims to address the need to understand the changes that are the
result of UV exposure and how they affect the durability and mechanical
properties over time. It will examine the link between the chemistry of
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photodegradation, the structure, the intrinsic mechanical behaviour and
prediction of photodegradation throughout the duration of an accelerated UV
ageing degradation test.

2.5.3 Research challenge 3
One of the degradation factors the installed PV modules are exposed to,
especially in environments like the UK’s, is humidity. While PV modules are on
site moisture can penetrate into the modules. The moisture ingress causes
various problems such as corrosion, current leakage and delamination.
Although there are studies which have investigated the moisture diffusion
coefficient and moisture induced degradation, these studies have been
performed in idealistic environment which does not represent the in-service
environment of the installed PV modules. Thus, it is necessary to investigate
the moisture diffusion properties, structure and behaviour of EVA in damp
heat.
The present study seeks to address the need to understand the changes in
mechanical properties as result of damp heat exposure by examining the link
between moisture concentration, structural changes and the mechanical
behaviour throughout the duration of an accelerated damp heat ageing test.

2.6 Conclusion
EVA has a complex response to environmental ageing, with noticeable
changes in mechanical behaviour, structure, thermal and optical properties.
Numerous researchers have studied the effect of environmental factors on
the chemical degradation of EVA. In order to predict EVA’s thermal and
photodegradation in isolation and investigate the moisture absorption
behaviour of EVA and its consequence of the structure and mechanical
properties of EVA, a comprehensive analysis of the response of EVA to
changes in environmental conditions is still required.
In the next chapter the experimental methods adopted for the achievement
of the objectives of this research project will be presented.
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Chapter 3
Experimental Methods

3.1 Introduction
The aim of the chapter is to describe the material, experimental techniques
and general research approaches which were used in this research in order to
address the research questions proposed in section (1.5). In particular, it
describes:


the materials used and their storage conditions,



environmental ageing conditions,



experimental techniques for the evaluation of the viscoelastic
properties of EVA,



a characterisation procedure to investigate the changes on the
crystallinity of EVA as a result of ageing;



a procedure to investigate the rate of thermal degradation and
lifetime of EVA under PV operating conditions;



a procedure for the evaluation of the chemical changes in the
structure of the EVA;



a procedure to investigate the photodegradation and lifetime of EVA,



an experimental procedure to investigate the moisture absorption
and calculate the moisture absorption coefficient.

As mentioned in the previous chapters, EVA undergoes chemical degradation
when it is exposed to the degradation factors of elevated temperature, UV
and humidity, which influences the mechanical properties of the material and
causes changes in the structure of EVA (Figure (3.1)). In this research the
general approach to address the research questions and achieve the research
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aim (section (1.4)) is firstly to fully characterise the unaged EVA, which had
been

isolated

from

environmental

degradation

factors.

Once

the

characteristics of the material were understood, the EVA was aged using
artificial ageing equipment including a laboratory oven, UV chamber and
environmental chamber. In order to understand the degradation mechanisms,
each of the degradation factors was isolated and its influence on EVA
investigated. With the purpose of investigating the impact of ageing and
environmental factors on the properties, characteristics and structure of EVA,
the characterisation of EVA was separated into three parts. First, the
mechanical properties and morphological changes (crystallinity) as a function
of temperature and artificial ageing were determined. Secondly, the chemical
degradation of the material was investigated and the degradation rate was
determined as a function of temperature/time. Thirdly, the rate of moisture
absorption was determined as a function of time and artificial ageing
conditions. Then all three factors were combined to investigate how these
parts are related and influence each other. Figure (3.2) shows the general
experimental approach and the methodology used in the research.

Figure 3.1: A general diagram showing the impact of the degradation factors.
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Figure 3.2: A general diagram showing the experimental methodology used in this research.

3.2 Material and storing condition
3.2.1 Material (sample preparation)
Uncured EVA is not suitable to be used as an encapsulant material in PV
modules due to low transparency and poor mechanical properties. Figure
(3.3) shows uncured EVA which has low transparency. The usual method in
the PV industry for curing EVA is to use a laminator which provides a
controlled vacuum atmosphere with suitable heating/cooling rates and
pressure. Due to the unavailability of a laminator at the start of this research a
number of techniques were investigated to prepare good quality samples,
including a hot press and autoclave. A description of the various methods
investigated for preparing samples is given below, followed by an evaluation
of the quality samples manufactured.
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Figure 3.3: Uncured EVA (courtesy to SINOVOLTAICS).

3.2.1.1 Hot press
The hot press was made up of two hot plates: the top one being fixed and the
bottom one movable. In order to achieve the desired thickness a bespoke
mould was designed, as illustrated schematically in Figure (3.4). The mould
was of a rectangular shape with dimensions of 80 x 80 x 0.5 mm; consisting of
a top plate for uniform distribution of the force, bottom plate and spacer. A
release film was used to make sure the EVA samples did not stick to the
mould and spacer. The spacer was used to control the thickness of the
samples. Before using the mould, all the mould parts and the release film
were cleaned with laboratory grade acetone. Uncured EVA (Figure (3.3)), was
cut into small sheets with dimensions of 80 × 80 mm to fit in the mould. The
samples were put in the mould as separate pieces to prevent air entrapment
and bubble formation. The load was applied to the mould by a hydraulic
system.
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Figure 3.4: Schematic view of the mould used in the hot press.

A temperature of 150°C and duration of 20 minutes were suggested as
optimum curing conditions by the EVA supplier. The influence of different
pressures and release films on bubble formation, surface flatness and
uniformity of thickness was then investigated. PET film was found to be the
best release film, but it needed to be removed in hot water for best results.
However, a uniform thickness was not achieved and the thickness fluctuates
around 10%. Table (3.1) presents a comparative investigation of different
release films.
Using a hot press was not an ideal technique due to the uncontrollable
heating and cooling rate, inaccurate load control system (± 100 N) and most
importantly the imperfect and non-parallel top and bottom plates which
prevented the load to be applied to the mould uniformly, resulting in large
thickness variation and poor quality cured samples. Therefore, further
investigation was carried out to find a better method for EVA curing.
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Table 3.1: Release films and release agents used for sample preparation.

Release Film

Problem

Polytetrafluoroethylene
(PTFE) film

Very
sticky,
Leaves
residues
on the
sample

Solution

Very sticky

Peel
off
the film in
hot water

Forms
bubbles

Increase
the
pressure

Polyethylene
terephthalate (PET) film

Release mould spray –
Long lasting PTFE
mould

Very sticky

Release liquid for
epoxy-acryliquepolyester

Rough
surface

Picture of EVA samples

First try

After applying
solutions

.

After further investigation to find a better curing technique due to
unsuitability of the hot press technique, the autoclave was found to be a
robust technique, as discussed in the next section.

3.2.1.2 Autoclave
Autoclaves are used for numerous applications, such as to cure coatings, grow
crystals under high temperatures and pressures, manufacture carbon fibre
composite, due to the capabilities below.


Air removal (vacuum)



Controllable heating rate



Controllable pressure

An autoclave creates a vacuum atmosphere where the mould is and is
separated from the pressure chamber with a vacuum bag. The autoclave
enables the user to control various parameters including, the temperature of
the hot plate, the heating rate and the pressure applied to the mould.
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Figure (3.5) presents a schematic view of the autoclave used in this work. The
mould is composed of a steel top plate and a steel spacer with a thickness of
0.5 mm. On each side of the spacer, there is a sheet of non-stick release film
to prevent adherence of the EVA to the metallic parts of the mould. The
mould is covered with a vacuum bag in order to create a vacuum atmosphere
around the mould to prevent bubble formation in the sample. A second
chamber over the vacuum bag was created by adding a cover plate to apply a
uniform pressure to the top of the mould.

Figure 3.5: Schematic view of the autoclave.

The following procedure was used in curing the EVA in the autoclave.


The mould was placed on the hot plate and covered with a breathable film
and the vacuum bag film,



A vacuum was applied between the vacuum bag and the hot plate,



A uniform pressure of 0.21 MPa was applied to the top plate of the mould,



The final temperature of 150°C was set at the heating rate of 4°C/min,



After reaching the final temperature of 150°C, samples were kept at this
temperature for curing,



The mould was cooled down by natural convection while exposed to room
temperature.
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Figures (3.6)-(3.7) demonstrate the preparation of the autoclave and mould
positions on the autoclave hot plate.

Figure 3.6: Autoclave preparation for EVA curing.

Figure 3.7: (a) Autoclave with samples, spacers and top plate, (b) Autoclave during EVA curing.

The autoclave cure process took approximately two hours and two samples
with dimension of 300 × 80 × 0.5 mm were cured at a time. The quality of the
samples cured in autoclave was significantly better than that of the hot press
cured EVA. The thickness was uniform, with a variation less than 2%, and the
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samples were transparent. However due to the unavailability of the
autoclave, uncontrollable cooling system and cooling the samples by natural
convection this method was found not to be suitable and as consistent as
laminator in curing the EVA samples. In the next section the laminator is
described.

3.2.1.3 Laminator cured EVA
After trying different curing techniques it was found that hot press was not
suitable to cure EVA due to its inability to create vacuum atmosphere,
uncontrollable cooling rate and not parallel plates. Autoclave was also not an
ideal method to cure the EVA due to uncontrollable cooling process. Finally, a
laminator was used as the most reliable technique which is the common way
to laminate PV modules in the PV industry. The base material used in this
research was a laminator cured EVA copolymer with 33% vinyl acetate, which
was supplied in 0.5 mm thick sheets (provided by Ecole Polytechnique
Fédérale de Lausanne (EPFL)). The curing of EVA was performed in a
controlled atmosphere in a 3S Swiss Solar Systems laminator S1815
manufactured by 3S Modultec, Switzerland. The curing process including the
steps below was performed by (Heng-Yu Li, Laura-Emmanuelle Perret-Aebi,
Ricardo Theron, Christophe Ballif, Yun Luo 2010; Li et al. 2013).
1. Preheating for approximately 300 seconds (plate temperature at 140°C),
2. A pressure of 0.1 MPa was applied to the laminates at the beginning of the
curing time under vacuum at about 100 Pa,
3. Curing time was set to 1300 seconds,
4. The pressure was removed and the cooling process started.
In the next section the advantage and disadvantage of the curing methods
are discussed.

3.2.1.4 Comparison of manufacturing methods
Various methods were used to cure the EVA. Table (3.2) presents the
approach taken to select the most suitable curing method in this research.
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The evaluation of manufacturing process indicated that a laminator is the
most suitable method of manufacturing. Although hot press and autoclave
manufactured samples were used in the early stage of this work all samples
used to produce results in this study were manufactured using the laminator.

3.2.2 Storage of samples
In order to minimize stored samples from degradation factors (elevated
temperature, UV and humidity) the EVA sheets were stored in a dark
desiccator at room temperature (22±3°C) and humidity around 15% RH after
manufacture. In order to include the influence of the storage conditions on
the test results, control samples were tested along with the aged samples in
the experiments. Control samples were kept in the desiccator during all
ageing time and compared against the aged samples.

3.3 Ageing conditions
To determine the effect of environmental stresses on polymeric materials
under controlled conditions the real environmental conditions experienced by
PV modules were simulated in the laboratory. Artificial ageing was used since
ageing in field conditions is prohibitively time consuming and difficult to
control. Since the main degradation factors are elevated temperature, UV and
humidity/moisture, to conduct a thorough investigation and cover all the
environmental degradation factors the ageing has been classified in to three
main groups as thermal ageing, UV ageing and damp-heat ageing, as
described below.
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Table 3.2: Overview of the curing techniques.

Technique

Hot press

Disadvantage

Advantage

Problems

No controllable

Nonuniform

heating/cooling rate, No

thickness, bubble

precise pressure
controlling, No parallel

_

formation, low
transparency

Selected

No

pressing plates, No
vacuum atmosphere

No controllable cooling

Autoclave

rate, Limited sample
curing size

Vacuum

Great amount of

atmosphere,

time and energy
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3.3.1 Thermal ageing
In order to investigate the effect of heat on the mechanical and thermal
properties of EVA and its thermal degradation the EVA sheets were aged in a
dark laboratory oven at 85°C for up to 80 days. Figure (3.8) shows the thermal
ageing condition. A batch of EVA samples was also aged at 65°C to be
compared to the UV aged samples. The samples were kept in dark
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atmosphere away from light and humidity in a desiccator to exclude the
effects of UV and humidity and to isolate the effect of heat.
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Figure 3.8: Thermal ageing conditions in the laboratory oven.

3.3.2 UV ageing
The effect of UV exposure on the properties and photodegradation of the EVA
was investigated by ageing in a Q-Sun, 1-Xenon up to 800 hours using a
daylight filter. The UV intensity was 0.68 W/m2 at 340 nm and 50°C. This
intensity is equal to July midday sunlight in Colorado, USA as mentioned in QSun manual. For the sake of comparison, a batch of EVA samples were kept in
a dark desiccator at room temperature as control samples and another batch
was aged in a dark laboratory oven at 65°C as stated in section (3.3.1). The
samples used for the analysis of UV effect included the UV irradiated side (top
side) of the UV aged samples, the UV non-irradiated side (back side) of the UV
aged samples, thermally aged sample (no UV) and control sample (no UV, no
humidity, room temperature).

3.3.3 Damp-heat ageing
In order to study the presence of moisture diffusion in the EVA and the impact
of absorbed moisture on its mechanical properties and morphology, samples
were aged in an environmental chamber at 85°C-85% RH which is commonly
used for material qualification testing of PV applications (Hülsmann et al.
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2013) and by using a potassium chloride (KCl) salt solution in a sealed
chamber to obtain conditions of 85±3% RH at room temperature (22±3°C).
Figures (3.9) and (3.10) show the damp heat ageing conditions in the
environmental chamber and the salt solution chamber respectively. DMA and
DSC were conducted on samples aged up to 9 weeks. The amount of moisture
absorbed as a function of time was measured by recording the samples’
weight every 24 hours in the early ageing period and then every 48 hours. This
was to enable the study of moisture diffusion kinetics and saturation
equilibria.
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Figure 3.9: Damp heat ageing conditions in the environmental chamber.
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Figure 3.10: Ageing conditions in the salt solution chamber.
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3.4 Experimental techniques
Krauter et al. (2011) reported that a single test cannot be used as the only
measure to characterise durability, for instance there have been cases with
perfectly cured EVA with poor mechanical properties. In order to carry out a
comprehensive investigation of the material properties and the ageing impact
on them the characterisation of EVA was separated into different parts. The
general approach in order to address the research aims was to investigate
various properties and characteristics of the EVA before and after ageing.
Thus, degradation rate and the effect of ageing on the EVA properties were
investigated as a function of ageing duration. These properties include:


The rate of thermal degradation as a function of temperature and ageing
duration.



Viscoelastic mechanical properties as a function of temperature and
artificial ageing.



The thermal and morphological properties, such as glass transition
temperature (Tg) and degree of crystallinity (Xc) as a function of ageing
duration.



The photodegradation rate as a function of exposure duration in the case
of UV ageing.



The rate of moisture absorption as a function of temperature.

A number of different experimental techniques were used to enable us to
investigate the above mentioned properties as listed below.


Differential Scanning Calorimetry (DSC); for investigation of the structure
and state of the material as the temperature is changed



Thermo-gravimetric Analysis (TGA) to investigate the evolution of
degradation products from a sample exposed to changes in temperature
and thus, the reaction rates



Dynamic Mechanical Analysis (DMA) to study the viscoelastic mechanical
properties of the material and their relation with the ageing conditions

51

Experimental Methods


Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR) to investigate the rate of the evolution of degradation products
and chemical changes as the material aged.



Gravimetric and Water Vapour Transmission Rate (WVTR) testing to
calculate the moisture absorption rate when exposed to a damp heat
environment.

The experimental techniques used in this work are explained in more detail
below.

3.4.1 Differential Scanning Calorimetry (DSC)
DSC is a calorimetry method which measures heat flow as a function of
temperature associated with thermally active transitions such as Tg and Xc. In
this study DSC was used to investigate the impact of ageing on the thermal
properties (Tg) and structural changes (Xc). The relative crystallinity, Xc, of the
samples was calculated as a function of ageing duration through

𝑋𝐶 =

∆𝐻𝑓
× 100%
∆𝐻𝑓∗

(3.1)

where ∆𝐻𝑓∗ is the fusion enthalpy of a perfect polyethylene (277.1 J/g) crystal
and ∆𝐻𝑓 is the enthalpy of fusion of the EVA samples, respectively (J.
Brandrup 1999).
All DSC experiments were conducted in a nitrogen atmosphere with a flow
rate of 50 ml/min using a TA-Q10 (TA Instruments, USA). In order to study the
unaged and aged material and also the pure material after erasing the
thermal history of the samples there was a need to program the DSC test
steps. The DSC program used to evaluate the behaviour of the previously
cured and aged EVA samples was a heat-cool-heat cycle based on ASTM-D
3418-08. In this study the first heating was at 10°C/min, from -75°C to 250°C.
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The temperature was held at 250°C for 5 min, to make sure the sample is
stabilized, and then cooled down at -10°C/min to -75°C and held at this
temperature for 5 min. Finally the sample was heated again to 250°C at
10°C/min. It should be mentioned that the first heating was to investigate the
impact of ageing on EVA and the second heating was to erase the thermal
history regarding the curing, storing consitions and the ageing inorder to
investigate the properties of EVA indipendant from of these effects. Samples
were cut into circular disc shapes weighing around 7 mg. All DSC experiments
were carried out in hermetic Aluminium pans and all the thermograms are
Exo Up.

3.4.2 Dynamic Mechanical Analysis (DMA)
DMA is a technique where a small deformation is applied to a sample in a
cyclic manner in order to investigate the properties of viscoelastic materials.
This allows the material’s response to stress, temperature and frequency to
be studied. DMA works by applying a sinusoidal deformation to a sample of
known geometry. The sample can be subjected to a controlled stress or strain.
For a known stress, the sample will then deform a certain amount. How much
it deforms is related to its stiffness. DMA measures stiffness and damping,
these are characterised by modulus and tan(δ). The storage modulus (E’) and
loss modulus (E’’) are the measures of the sample’s elastic and viscous
behaviour respectively. The ratio of the loss modulus to the storage modulus
is tan(δ) which is a measure of the energy dissipation of a material.
Since EVA is a viscoelastic material it is important to apply a technique which
is able to measure the viscous and elastic properties of EVA. In this research
DMA was performed to investigate the temperature dependant viscoelastic
properties of the EVA. Samples were loaded in tension at 1 Hz while the
temperature was ramped from -70°C to 100°C at a heating rate of 5°C/min.
DMA is tensile test used instead of shear test due to the capability of tensile
test in temperatures below the glass transition temperature. DMA shear test
is better test in temperature above the glass transition temperature.
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3.4.3 Thermogravimetric Analysis (TGA)
TGA is a thermal analysis technique which measures the amount and rate of
change in the weight of a material as a function of temperature or time in a
controlled atmosphere. TGA measurements are used primarily to determine
the composition of materials and to predict their thermal stability up to
elevated temperatures.
Heat is one of the degradation factors which influences the performance of
EVA as encapsulation material in PV modules, therefore, it is important to
understand its thermal degradation and investigate the thermal stability. In
this regards TGA was used as the technique in the present study. All
experiments were performed in a nitrogen atmosphere with a flow rate of
100 ml/min. TGA analysis under dynamic conditions was carried out using a
TA SDT-600 (TA Instruments, USA) at heating rates of 5, 10, 15 and 20°C/min,
recording mass loss and the rate of mass loss as functions of temperature.
Samples were cut into circular disc shapes weighing around 15 mg. All TGA
experiments were carried out in platinum pans.

3.4.4 Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR)
Fourier Transform Infrared (FTIR) spectroscopy is a technique that is often
used to study the chemical changes that occur in a material as a function of
temperature and/or time. FTIR spectroscopy is a reliable fingerprinting
method. Many substances can be characterised, identified and also
quantified. Traditionally IR spectrometers have been used to analyse solids,
liquids and gases by means of transmitting infrared radiation directly through
the sample. Attenuated Total Reflectance (ATR) has in recent years
revolutionized solid sample analysis owing to its capability to resolve the
challenging parts of infrared analysis, namely sample preparation and spectral
reproducibility. ATR uses the property of total internal reflection resulting in
an evanescent wave. A beam of infrared light is passed through the ATR
crystal in such a way that it reflects at least once off the internal surface in
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contact with the sample. This reflection forms the evanescent wave which
extends into the sample. The penetration depth into the sample is typically
between 0.5 and 2 micrometres.
Since the degradation factors cause structural changes in EVA it is needed to
understand these changes and investigate the result of ageing in EVA. To fulfil
this need, in this study ATR-FTIR was used to study the variation of different
chemical bonds as a result of UV and thermal ageing. ATR is not a very useful
technique to investigate chemical changes caused by moisture absorption
because information is obtained only from a few microns of the surface
(Morlat-Therias et al. 2007). ATR-FTIR spectra were obtained for the UV
irradiated side and non-irradiated side during ageing at intervals of 48-72
hours in order to monitor molecular changes due to UV ageing. The scanning
range was 500 cm-1 to 4000 cm-1 with a resolution of 8 cm-1 at 32 scans. In
order to obtain quantitative comparison of specific functional group
formation during ageing, the absorbance peak intensities were normalized
with respect to the absorbance of the methylene sequence (-CH2-CH2-CH2-) at
721 cm-1 (Eq. (3.2)). It is assumed that the amount of these sequences does
not change with respect to changes in the other bands (Copuroglu & Sen
2005).

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 =

𝐴𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑒𝑎𝑘
𝐴721

(3.2)

In order to eliminate the effect of the air present in the spectroscopy
chamber, the spectra for air was subtracted from the final results.
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3.5 Moisture diffusion coefficient measurement methods
3.5.1 Gravimetric measurments
Moisture diffusion in EVA films was investigated by the gravimetric method in
which weight changes in samples were measured as a function of time using
an OHAUS PA214 Pioneer Analytical Balance (Ohaus Corporation, USA) with a
precision of 0.1 mg. Samples were taken out of the environmental chamber
every 24 (early stage of ageing) and 48 hours to be weighed. Care was taken
to make sure that the balance was clean and accurately calibrated and zeroed
prior to each set of weighing.

3.5.1.1 Material and sample preparation
The unaged material was cut into square samples of 70×70 mm with a
thickness of 0.5 mm, in order to perform gravimetric tests. To calculate the
error 5 samples (free standing film) were prepared for each test.

3.5.1.2 Sorption measurements
The sorption experiment was carried out in a calibrated environmental
chamber at the conditions described in section (3.3.3). During all damp-heat
experiments the moisture contents were determined gravimetrically based on
Eq. (3.3) (Abdelkader & White 2005).

𝑀𝑡 (%) =

𝑚𝑡 − 𝑚𝑑𝑟𝑦
× 100
𝑚𝑑𝑟𝑦

(3.3)

where Mt is the moisture content at time t, mt is the specimen’s weight at
time t and mdry is the weight of the dry specimen. The assumption, therefore,
is that all mass change in the sample can be attributed to change in the
amount of absorbed moisture only.
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3.5.2 MOCON Water Vapour Transmission Rate technique to
measure diffusion coefficient
An alternative technique that has been used to obtain the diffusion coefficient
of EVA is by using MOCON® water vapour devices. MOCON® measures the
Water Vapour Transmission Rate (WVTR). Assuming Fickian diffusivity WVTR
can be described by Eq. (3.4).

𝑊𝑉𝑇𝑅(𝑡) =

∞
𝐷𝑐𝑠
2 2
2
[1 + 2 ∑ (−1)𝑛 𝑒 (−𝐷𝑛 𝜋 𝑡⁄𝑙 ) ]
𝑙
𝑛=1

(3.4)

where D is the moisture diffusion coefficient determined by the time required
to reach steady state, cs is saturation concentration which is determined by
the steady state WVTR, l is sample thickness, and t is time.
As Figure (3.11) illustrate the MOCON® water vapour test instrument consists
of one or more test cells. The test sample divides the cell into two chambers,
one with water vapour at a constant relative humidity (RH) and the other with
a nitrogen carrier gas to produce a dry environment. As soon as the water
vapour molecules permeate through the film they are picked up by the
nitrogen carrier stream and taken to the detector. The flow rate of the
nitrogen stream keeps the carrier side of the film at virtually 0% RH, thus
maintaining a constant flow gradient throughout the test. A pulse modulated
infrared detector is used to measure the amount of water vapour in the
nitrogen carrier stream. The WVTR is then calculated from the amount of
moisture in the stream, the carrier gas flow rate and the area of film sample
being tested. The water vapour permeability can then be calculated using the
additional input of driving force and sample thickness.
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Figure 3.11: Diagrammatic side view of WVTR test cell (Copyright 2012 MOCON® Inc).

In order to obtain the diffusion coefficient of our EVA via the WVTR technique,
samples were sent to RDM TEST EQUIPMENT® laboratory, the UK. All the
samples were analysed on a Mocon Permatran-W Water Vapour Permeability
Instrument (see appendix A). The test conditions are presented in Table (3.3).

Table 3.3: Water Vapour Transmission test condition provided by RDM TEST Equipment®.

Test Gas

Water Vapour

Test Temperature

40 (°C)

Test Gas Concentration

NA

Carrier Gas

Nitrogen

Test Gas Humidity

100% RH

Carries Gas Humidity

0% RH

3.5.3 Comparison of moisture diffusion coefficient measurement
methods
Gravimetric measurement of moisture diffusion coefficient is a direct method
where samples are exposed to humidity and the weight changes in samples
were measured. Then moisture diffusion coefficient is determined via Fick’s
second law after reaching steady state where the diffusion is Fickian.
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WVTR is an alternative method where the samples are placed in a MOCON®
device at a controlled environment and exposed to humidity after being
degassed. This method is performed in an environment where it is reassured
there is no humidity in the samples prior to the test and the samples are
isolated from external environmental factors such as UV and O2. The device
measures water vapour transmission rate and moisture diffusion coefficient
comes from Eq. (3.4).
The MOCON® condition is ideal and the test time is much shorter where in
gravimetric test the samples are exposed to elevated temperature and
possibly to other degradation factors for a much longer time. It should also be
mentioned that it is reported that using MOCON® devices are not suitable for
barrier films with WVTR lower that 10-3 (g/m2 d) (Hülsmann et al. 2009).

3.6 Summary
The following section summarises the previously described methodology
adopted for the achievement of the objectives of this research project. In
regard to the procedures mentioned in Sections (3.1)-(3.4), the following
considerations could be made:


Different curing techniques were investigated to prepare EVA samples
for analysis and the lamination technique was found to be the most
reliable. The EVA used in this work was provided by Ecole
Polytechnique Fédérale de Lausanne (EPFL) in form of cured sheets
with 33% of vinyl acetate and 80% of gel content.



The EVA sheets were stored with minimal degradation factors, in a
dark desiccator at room temperature and low humidity (around 15%
RH) prior to testing or ageing.



In order to investigate the influence of the environmental stresses
(elevated temperature, UV, humidity), EVA was aged using artificial
ageing under the conditions described in section (3.3).
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Various experimental techniques were used to characterise the effect
of ageing on the EVA. These techniques enabled the investigation of
structure and state of the material (DSC), the thermal stability and
evolution of degradation products (TGA), the viscoelastic mechanical
properties of the material (DMA), the rate of the evolution of
degradation products and chemical changes as the material is aged
(ATR-FTIR) and the moisture absorption rate (gravimetric and
MOCON®).



This chapter reported the methodologies and procedures which have
been used for the achievement of the objectives (described in section
(1.5)).



Sections (3.2)-(3.4) outline the approaches that were used to achieve
the results presented in Chapters 4 to 6.
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Chapter 4
Examination of the Response of Ethylene-vinyl
Acetate Film to Thermal Ageing

4.1 Introduction
The practical importance of EVA has meant that many studies have been
carried out to investigate its chemical structure and thermal degradation, but
very few studies have comprehensively investigated its performance under a
PV module’s working condition (Pern & Glick 1997; Agroui et al. 2007). The
previous studies have illustrated the main mechanisms through which
degradation of EVA occurs. However, the influence of thermal ageing on the
mechanical properties and morphology of EVA used as PV encapsulation
material, with high vinyl acetate content (>30% VAc), has not been
investigated thoroughly and there is a missing link between the ageing
process and consequences of that ageing within the context of its mechanical
behaviour. This study is motivated by the need to investigate the thermal
degradation and viscoelastic properties of unaged and aged EVA films and the
generation of inputs to models that can then predict the lifetime of
encapsulants in-service.
Thermal degradation in polymers is related to significant changes in molecular
state as the thermal energy provides a driving force for chemical reactions.
Elevated temperatures cause the components of the long chain backbone of
the polymer to separate (molecular chain scission) and react with one another
to change the properties of the polymer. Solid polymeric materials undergo
both physical and chemical changes when heat is applied; this will usually
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result in undesirable changes to the properties of the material (Pielichowski &
Njuguna 2005).
This chapter seeks to address the need to understand the changes in
mechanical properties on thermal ageing by examining the link between the
chemistry, the structure and the mechanical behaviour throughout the
duration of an accelerated thermal only ageing test. Figure (4.1) illustrates the
approach taken and techniques used in this investigation.

Figure 4.1: Flowchart of investigation of EVA’s response to thermal ageing.

The approach taken in this study was to fully characterise the material
behaviour and correlate this with measures of thermal degradation by
measuring weight loss, determining the kinetics of reactions and investigating
structural changes and changes in the mechanical properties, which can be
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deduced from calorimetry techniques and dynamic mechanical analysis
respectively.

4.2 Theory of kinetics of degradation
The modelling of thermally activated reactions is of concern in many
engineering applications and has been the subject of significant research
(Starink 2003; Vyazovkin 2006; Órfão & Martins 2002; Muralidhara &
Sreenivasan 2010; Morshedian 2009; Wang et al. 2004; Gu et al. 2012; Salin &
Seferis 1993; Hamed Gholami, Gholam Reza Razavi 2011). In order to
investigate the kinetics of thermal degradation of EVA and calculate the
kinetic parameters the Kissinger–Akahira–Sunose (KAS) method was used.
This is also known as the generalised Kissinger method (Starink 2003).
The rate of material conversion (d𝜙⁄dt) of a solid state process has the form
presented by Eq. (4.1)

𝑑𝜙
= 𝐾(𝑇)𝑓(𝜙)
𝑑𝑡

(4.1)

where 𝜙 is the conversion degree, t is the reaction time, K is a reaction rate
which depends on the temperature (T) and f(𝜙) is a kinetic model function
which is a first order case for thermal degradation of EVA (Bianchi et al. 2011).
In this study the conversion degree is defined by Eq. (4.2)

𝜙=

𝑚0 − 𝑚𝑡
𝑚0 − 𝑚∞

(4.2)

where m0, mt and m∞ are initial sample mass, sample mass at time t and
sample mass at the end of the reaction, respectively. As the reactions to be
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considered here are related to thermal processes, K(T) is assumed to be of an
Arrhenius form, such that Eq. (4.1) becomes.

−𝐸
𝑑𝜙
= 𝑎𝑒 ( 𝑅𝑇 ) 𝑓(𝜙)
𝑑𝑡

(4.3)

where a is a pre-exponential (frequency) factor, E is the activation energy and
R is the universal gas constant. For non-isothermal experiments carried out
with a constant heating rate, 𝛽 =

𝑑𝑇
𝑑𝑡

, it is possible to arrive at Eq. (4.4).

𝑑𝜙 𝑎 (−𝐸)
= 𝑒 𝑅𝑇 𝑓(𝜙)
𝑑𝑇 𝛽

(4.4)

E can then be obtained from non-isothermal data without choosing the
reaction model. The generalised Kissinger’s method is an established
technique to calculate the activation energy based on the rate equation at the
𝑑2 𝜙

maximum reaction rate. At this point, ( 𝑑𝑡 2 ) = 0 allows for the calculation of E
at the maximum rate of degradation, when the heating rate is constant, and
the time and temperature derivatives of weight loss are linearly related.
Therefore, data can be plotted as a function of time or temperature and
analysed using Eq. (4.5) which comes from Eq. (4.3) (Sánchez-Jiménez et al.
2008).

𝑙𝑛

𝛽
𝑎. 𝑅
𝐸
= 𝑙𝑛 [
]−
2
𝑇𝑝
𝐸
𝑅. 𝑇𝑝

(4.5)

where Tp is temperature at the maximum degradation rate and 𝛽 is the
heating rate. It is possible, therefore, to plot (𝑙𝑛𝛽⁄𝑇𝑝2 ) vs. 1/Tp and obtain the
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activation energy and pre-exponential factor from the slope and intercept
respectively. Figure (4.2) shows the flowchart of lifetime calculation. The
advantage of this method is that it enables the activation energy to be
obtained independently of the kinetic model (Starink 2003).

Figure 4.2: Flowchart of the investigation the weight loss of EVA regarding the thermal
degradation only.
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4.3 Results and discussion
The thermal ageing experiments were performed according to the ageing
conditions and experimental techniques described in sections (3.3) and (3.4)
respectively. The results of the TGA, DMA and DSC are presented below.

4.3.1 Thermogravimetric Analysis (TGA)
Figure (4.3) shows TGA curves corresponding to dynamic experiments carried
out at a range of heating rates. The results show evidence of a two-step
thermal degradation process. The first stage, completed at around 370°C
(rescaled in Figure (4.4)), can be attributed to a deacetylation process in the
vinyl acetate fraction, since it is reported that acetic acid is lost in the first
thermal degradation step, leaving a polyunsaturated linear hydrocarbon
(Dolores Fernández & Jesús Fernández 2007; Zanetti et al. 2001; McGrattan
1994). The (TG)/FTIR investigation of EVA’s pyrolysis (Marcilla et al. 2005)
showed that the evolved gas were mainly acetic acid and small quantities of
CO, CO2 and CH4. The second stage has previously been identified as complete
chain scission of the residual main chain (within temperature range of 380480°C). As should be expected, the temperature at which the reaction is
complete increases as the heating rate increases.
120
heating rate: 5°C/min
heating rate: 10°C/min
heating rate: 15°C/min
heating rate: 20°C/min

100

W(%)

80

60

40

20

0
0

100

200

300

400

500

600

T (°C)

Figure 4.3: TGA thermograms of EVA at different heating rates (weight percentage versus
temperature).
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Figure 4.4: Rescaled TGA thermogram of EVA at different heating rates (weight percentage
versus temperature).

Since the maximum temperature that photovoltaic systems operate is around
85°C, chain scission is not considered as significant in this work, therefore, the
focus is on the deacetylation of EVA. Figure (4.5) shows the derivative of
weight as a function of temperature, illustrating the temperature of the peak
degradation rate, which is used to calculate the activation energy and preexponential factor based on the generalized Kissinger’s method, described
earlier. Table (4.1) shows Tp for the first weight loss at different heating rates
which were used in Kissinger method to calculate the activation energy.
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Figure 4.5: Derivative of weight loss to temperature for unaged EVA at different heating rates.
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Table 4.1: Temperature of peak degradation rate for aged and unaged EVA samples at
different heating rates.

Temperature of peak degradation rate
Heating rate

TP (°C)

(°C/min)

Aged for 40

Aged for 60

Aged for 80

days

days

days

Unaged

5

335.24

336.53

336.61

336.58

10

346.61

348.80

348.60

348.72

15

354.19

355.36

365.05

356.31

20

359.17

361.83

362.28

362.03

𝛽

1

𝑝

𝑝

Figure (4.6) show the relationship between 𝑙𝑛 𝑇 2 and 𝑇 for one heating rate. It
can be seen that the activation energy and pre-exponential factor were
obtained from the slope and intercept of line fitting to this plot using Eq. (4.5).
The calculated values are listed in Table (4.2). Experimental data were fit to
Eq. (4.4) in order to find the pre-exponential factor. Figure (4.7) shows this fit
and the best agreement between the experimental and calculated curves
around the peak degradation rate temperature, by definition, but beyond this
point differences are observed, which could in part be attributable to other
processes occurring, such as dehydration. The generalised Kissinger method
was also applied to thermally aged EVA. Figure (4.8) shows the calculated
activation energy for the aged EVA and indicates that there is no clear effect
of ageing on the activation energy.
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Figure 4.6: Plot of ln(β/Tp ) versus 1/(Tp) for unaged EVA based on Kissinger’s method.
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Figure 4.7: Experimental and calculated TGA curves.

Table 4.2: The calculated kinetic parameters for unaged EVA.

Sample

R2

Slope of the line

E (kJ/mol)

a (min-1)

Unaged

0.9995

-20944

174.1284

2.4625×1014
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Figure 4.8: Activation energy calculated for unaged and thermally aged EVA.

The determination of the activation energy and the pre-exponential factor
enables predictions to be made about the thermal degradation and associated
weight loss over the lifetime of a module. Assuming that the material was at a
module operating temperature of 85°C (which is the temperature of the
material near to the cells as they generate heat during the conversion of
photons to electronic potential), the determined activation energies and preexponential factors were used to determine the conversion of material as a
function of time through the solution of Eq. (4.3). A failure criterion is
suggested 5% weight loss from a Thermogravimetric Analysis (TGA)
(Křižanovský & Mentlík 1978; Flynn 1995). In the case of the PV modules the
typical lifetime of a module is usually considered to be around 30 years and
Figure (4.9) shows that the weight loss in this period is predicted to be around
1%, which has little impact on the module performance. This also indicates
that a more accurate method of determining the kinetics of degradation is
unnecessary.
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Figure 4.9: Weight loss of EVA versus time in the case of exposure to 85°C with standard
deviation of 6.6521e-04.

4.3.2 Dynamic Mechanical Analysis (DMA)
Figure (4.10) shows the storage modulus (E’) determined as a function of
temperature at a frequency of 1 Hz. As the temperature increases the curves
show the characteristic glassy, rubbery and viscous regions of a viscoelastic
material (Stark & Jaunich 2011).
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Figure 4.10: Storage modulus vs temperature for aged and unaged EVA.
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Significant changes are seen in the storage modulus over the observed
temperature range, with 3 decades difference between the moduli at -75°C
and 95°C. There is a sharp decrease at around -30°C, which can be attributed
to the glass transition and then another stepped decrease between 40°C and
65°C, indicating some crystal melting . Figure (4.11: a) shows tan(δ) versus
temperature, which can be used to emphasise the Tg of the samples as shown
in Figure (4.11: b) (Varghese et al. 2002). It can be seen that Tg is
approximately -20°C.
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Figure 4.11: (a) tan(δ) vs temperature for aged and unaged EVA, (b) Glass transition
temperature versus ageing duration for EVA based on tan(δ).
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In order to further investigate the effect of ageing on the mechanical
properties of the EVA, the storage modulus at a given temperature was
plotted against the ageing time for the sample. Figure (4.12: a-d) shows this
for four temperatures. One can see that E’ reduces with increasing time of
ageing, although the confidence in the fit and the calculated gradient
decreases with increasing temperature as presented in Table (4.3). As a way
of approximating the general trend, E’ vs temperature for four temperature
values was consolidated into one plot as a mean where the mean E’ is the
average of E’ at the complete range of experimental temperature. This is
shown in Figure (4.13), which shows a clear monotonically decreasing storage
modulus as the material ages. Table (4.4) presents the parameters of best fit
to changes of mean E’ versus ageing duration. Further, the variation in
modulus depends on temperature; as the measurement temperature
increases, the dependence on the ageing duration weakens. That is to say, the
storage modulus reduction rate, when measured at a given temperature,
varies more slowly when measured at a higher temperature than a lower
temperature. It is worth emphasising that this is for the same ageing condition
of 85°C. It therefore appears that thermal ageing can result in significant
changes in the mechanical properties, but considering the very small changes
in weight loss, this is unlikely to be associated with chemical changes and any
subsequent material volatilisation.
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Figure 4.12: Storage modulus measured at (a)-60˚C, (b) 20˚C (c), 40˚C (d) 95˚C as a function of
ageing time at 85˚C.
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Table 4.3: The fitting parameters for storage modulus at different fixed temperatures based
on Figures (4.12: a-d).

T (°C)

Gradient

Intercept

R2

-60

-5.8400

2051

0.93

20

-0.02667

5.521

0.93

40

-0.0155

2.652

0.85

95

-0.0036

0.968

0.44
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Figure 4.13: Average storage modulus versus ageing time for thermally aged EVA.

Table 4.4: The best fitting parameters of the average storage modulus versus ageing duration
2
based on Figure (4.13), fitting function: y=a1x +a2x+c.

a1

a2

Intercept

R2

-0.006341

-0.3843

367.1

0.9987
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4.3.3 Differential Scanning Calorimetry (DSC)
In order to understand the changes in morphological behaviour, DSC was
performed, consisting of a heating, a cooling and final heating stage
(described in section (3.4.1)). The results of these experiments can be seen in
Figure (4.14), which shows typical DSC thermograms for samples that have
been cycled. There are significant changes around 50°C and the peaks in this
region can be associated with internal structural changes or crystallisation
transition. This correlates with the step between 40°C and 60°C in the DMA
results (Figure (4.10)) which were associated with crystal melting. In the
second heating, it can be observed that the peaks have largely disappeared,
suggesting that in the process of going through the previous cycle the
structure has been eliminated and has not reformed during the cooling
process. In Figure (4.15) the first heating thermograms of the unaged and
aged EVA are reproduced with offsets added for the sake of comparison. The
melting transition of the ethylene segment has been accepted as being
associated with a peak with a shoulder which is observed between 40°C to
70°C (Li et al. 2013; Motta 1997). The glass transition, determined by a step
change in the heat flow typically between -30°C and 20°C, can be seen at
around -20°C for both aged and unaged samples, suggesting ageing has no
significant effect on Tg which is shown in Figure (4.16).
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Figure 4.14: Typical DSC thermograms (heat flow versus temperature) of EVA under three
steps, heating-cooling-heating-Exo Up.
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Figure 4.15: DSC first heating thermograms (heat flow versus temperature) for the unaged
and aged EVA (thermograms are reproduced with offsets added)-Exo Up.
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Figure 4.16: Glass transition temperature versus ageing duration for EVA.

Analysis of the first heating results shows that crystallinity decreases due to
ageing as shown in Figure (4.17), which when correlated with the changes in
mechanical behaviour, suggests that it is the changes in internal structure that
drive the changes in the storage modulus, E′ rather than the chemical changes
discussed in section (4.3.1) as shown in Figure (4.18). It can also be seen in
Figure (4.17) that there is no change in crystallisation in the second heating.
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This reversion to a constant crystallisation content at the first heating cycle
points towards a reduction in the structure at higher temperatures, with a
consequent reduction in modulus and a weakening in the relationship
between ageing driven modulus reduction at higher temperatures.
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Figure 4.17: Crystallinity versus ageing duration after first and second heating for aged and
unaged EVA.
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Figure 4.18: Storage modulus versus crystallinity for thermally aged EVA.
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4.4 Conclusions
The thermal degradation of EVA has been studied using techniques that
enabled the viscoelastic properties and thermal stability to be measured. Key
findings were that the activation energy of the first stage of thermal
degradation was unaffected by the ageing process whereas storage modulus
at 1 Hz was significantly reduced with increases in temperature. Ageing was
shown to reduce the storage modulus monotonically as a function of ageing
degree, though this effect was weakened at elevated temperatures. TGA
measurements showed that chemical changes due to thermal activation were
insignificant, even over the typical lifetime of the module, but examination of
DSC results suggested that property changes could be connected to structural
modifications, specifically that thermally induced decreases in crystallinity
resulted in a reduction in storage modulus. In the field, such modules will be
subjected to light and humidity as well as elevated temperatures, and the
interaction between these effects requires investigation. Hence, now that the
influence of elevated temperature on the properties, structure and lifetime of
EVA has been investigated, in the next chapter the impact of UV irradiance on
the properties and photodegradation of EVA will be investigated.
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Chapter 5
Examination of the Response of Ethylene-vinyl
Acetate Film to UV Irradiation

5.1 Introduction
Photochemical reactions are of interest in diverse applications such as
polymer degradation and solar energy capture. UV irradiation is one of the
most important environmental factors affecting the deterioration of the
mechanical strength of the encapsulant and the structural integrity of a PV
module. EVA undergoes photochemical degradation when it is exposed to UV.
UV irradiation causes discoloration and photodegradation which reduces the
spectral transmission which causes a reduction in the conversion efficiency of
the PV modules. Thus, there is a need to investigate the effect of
photodegradation, on the EVA in a PV module.
It has been reported that the main photodegradation reactions in EVA are
Norrish Ι and Norrish ΙΙ (Czanderna & Pern 1996; Morlat-Therias et al. 2007;
Lacoste et al. 1991; Glikman et al. 1986), this was shown in Figure (2.4). This
comprehensive review of the photodegradation shows that the main products
of the Norrish reactions are ester, carboxylic acid, lactone, vinyl and vinylene,
which are fully investigated in this research.
This chapter investigates the photochemical degradation of EVA, develops a
model to predict degradation and also studies the influence of the
photodegradation on the structure and mechanical properties of EVA. Figure
(5.1) illustrates the approach taken and techniques used in this chapter.
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Figure 5.1: Flowchart of investigation of EVA’s response to UV ageing.

The approach taken in this research was to make a comprehensive
investigation of photodegradation chemically by spectroscopic methods (FTIRATR). Once the degradation mechanisms were fully understood a predictive
model was developed to predict the photochemical degradation in time. The
influence of photodegradation on the material behaviour and properties were
also investigated.

5.2 Theory of photochemical reactions
Sheats & Diamond (1988) introduced a pair of coupled partial differential
equations (PDE) the chemical transformation in photochemical reactions.
Since EVA is highly UV absorbing as reported in the literature (Pern 1996;
Skowronski et al. 1984; Czanderna & Pern 1996; Mcintosh et al. 2009; Kempe
et al. 2011; Jin et al. 2009), the introduces PDEs can be applied in this case.

−

𝜕𝐶𝑟(𝑧,𝑡)
𝜕𝑡

= 𝑘. 𝐼. 𝐹(𝐶𝑟 )

5.1
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−

𝜕𝐼(𝑧,𝑡)
𝜕𝑧

= (𝛼𝑟 𝐶𝑟 + 𝛼𝑝 𝐶𝑝 + 𝛼𝑚 𝐶𝑚 )𝐼

5.2

where Cr, Cp and Cm are concentration of reactant, products and medium
respectively. k is the fractional decay rate per unit intensity (Dill et al. 1975), α
is the respective molar extinction coefficients, z and t refer to position and
time respectively. The molar extinction coefficient, α, used in this study is
related to the decadic molar extinction coefficient, ε, via Eq. (5.3) (Sheats &
Diamond 1988). I(z,t) is the light intensity at depth z at time t and F(Cr)
represents a rate function.

𝛼 = 𝜀 𝑙𝑛10

5.3

In general, the quantities Cr, Cp and I depend on position and time, resulting in
the coupling of the differential equations. Therefore, the equations can be
articulated as

−
𝜕

𝐼(𝑧,𝑡)

− 𝜕𝑧 𝑙𝑛 𝐼

(𝑧0 ,𝑡)

𝜕𝐶𝑟(𝑧,𝑡)
𝜕𝑡

=𝑘𝐼(𝑧,𝑡) 𝐹[𝐶𝑟(𝑧,𝑡) ]

= 𝛼𝑟 𝐶𝑟(𝑧,𝑡) + 𝛼𝑝 𝐶𝑝(𝑧,𝑡) + 𝛼𝑚 𝐶𝑚(𝑧,𝑡)

5.4
5.5

which are subjected to the boundary conditions

𝐶𝑟 (𝑧,𝑡0 ) = 𝐶𝑟0 (𝑧)

5.6

𝐼 (𝑧0 ,𝑡) = 𝐼0 (𝑡)

5.7

where 𝐼0 (𝑡) is the light intensity in the medium inside the surface z0 at time t.
Equations (5.4)-(5.5) and the associated boundary conditions are taken as the
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basic coupled PDEs, which describe the photoreaction in the absence of
change in surface reflectivity, scattering or diffraction.
Considering the first order case, reaction rate is first order in both Eq. (5.4)(5.5) and only the reactant absorbs light. Therefore, Eq. (5.4)-(5.5) become

−
−

𝜕𝐶𝑟(𝑧,𝑡)
𝜕𝑡
𝜕𝐼(𝑧,𝑡)
𝜕𝑧

= 𝑘 𝐶𝑟 (𝑧,𝑡) 𝐼(𝑧,𝑡)

5.8

= 𝛼𝑟 𝐶𝑟 (𝑧,𝑡) 𝐼(𝑧,𝑡)

5.9

The solutions for Eq. (5.8)-(5.9) have been reported by (Herrick 1966). The
general solutions are

𝐶𝑟 (𝑧,𝑡) =

𝐶𝑟0 (𝑧)

𝐼 (𝑧,𝑡) = 𝐼0 (𝑡)

𝑒 𝜇(𝑧)
𝑒𝜇(𝑧) + 𝑒 𝜗(𝑡) − 1

𝑒 𝜗(𝑡)
𝑒𝜇(𝑧) + 𝑒 𝜗(𝑡) − 1

5.10

5.11

where 𝜇(𝑧) and 𝜗(𝑡) are determined by the initial conditions

𝑧

𝜇(𝑧) = 𝛼𝑟 ∫ 𝐶𝑟 (𝑧 ′ )𝑑𝑧′

5.12

𝑧0
𝑡

𝜗(𝑡) = 𝑘 ∫ 𝐼0 (𝑡 ′ )𝑑𝑧′

5.13

𝑡0

The general solutions subject to boundary conditions, Eq. (5.6)-(5.7).
In order to find k the changes of the concentration on the surface is
considered which is independent of z, therefore Eq. (5.8) becomes

𝑑𝐶𝑟 (𝑡)
𝑑𝑡

= 𝑘 𝐶𝑟 (𝑡)𝐼

5.14
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The solution for Eq. (5.14) is

𝐶𝑟 (𝑡) = 𝐶𝑟 (0)𝑒 −𝑘𝐼𝑡

5.15

where k can be found by fitting Eq. (5.15) to the experimental data.
The time dependent concentration of photoproduct is related to the
concentration of photoreactant via stoichiometric coefficient, 𝜆, and equation
(Sheats & Diamond 1988)

𝐶𝑝 (𝑧, 𝑡) = 𝐶𝑝0 (𝑧) + 𝜆 ( 𝐶𝑟0 (𝑧) − 𝐶𝑟(𝑧,𝑡) )

5.16

where λ is the ratio of the stoichiometric coefficient in the reaction.
The initial concentration can be determined by Beer-Lambert law, Eq. (5.17)
using FTIR-ATR results,
𝐴 = 𝜀𝑏𝐶

5.17

where A, ε, b and C are absorbance, molar extinction coefficient, path length
of the sample and concentration respectively. The path length is 0.65 μm
based ATR catalogue (Bruker Optics 2011), the absorbance comes from the
FTIR-ATR measurements and ε is known from (Morlat-Therias et al. 2007).

5.3 Results and discussion
The results are based on the ageing conditions and experimental techniques
described in sections (3.3)-(3.4).
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5.3.1 Fourier Transform Infrared Spectroscopy in Attenuated
Total Reflectance (FTIR-ATR)
FTIR-ATR was used to study the variation of different chemical bonds as a
result of UV aging. FTIR-ATR spectra were obtained for the UV aged samples
at 50°C, including the UV irradiated side, the non-irradiated side, a thermally
aged sample at 65°C and a control sample (see section (3.2.2)).
In order to perform a thorough investigation the impact of ageing on the
individual peaks these peaks should be identified. To identify the exact wave
numbers for the specific peaks the spectra of unaged EVA (A0) was subtracted
from the spectra of the aged EVA (At) as shown in Figure (5.2). The identified
peaks are presented in Table (5.1).
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Figure 5.2: Subtracted FTRI-ATR spectra (At - A0) in the domain 1800-1650 cm .

Table 5.1: Attribution of infrared absorption bands of EVA film.

Chemical component

Wave number (cm-1)

Phenomena

Vinyl
Carboxylic acid
Ester carbonyl stretching
Lactone

910
1720
1740
1767

Norrish I & II
Norrish I & II
Norrish I & II
Norrish I & II
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To have an accurate and more detailed view of how the absorbance changes
with ageing time as a result of UV exposure plots of absorbance versus ageing
duration were produced. Figure (5.3) shows the changes in IR spectra of
unaged and UV aged EVA at 1740 cm-1 (ester carbonyl stretching), normalized
as A1740/A721 (described as Eq. (3.2)) versus exposure time. Ester is important
in this case since one of the main products of the photodegradation of EVA is
acetic acid which come via ester elimination (Copuroglu & Sen 2005). The
absorbance for the top side of the UV aged EVA shows a sharp decrease up to
around 300 hours which is due to ester elimination. This levels off after 300
hours due to the predominant aldehyde development (Copuroglu & Sen
2005). Aldehyde and ester have the same absorbance peak identification and
aldehyde formation overlaps the ester elimination, meaning that although, no
changes are observed after 300 hours it does not mean the ester elimination
has stopped. The FTIR technique is not able to separate these two
phenomena and other techniques should be used for further investigation. A
slow decrease in absorbance is also seen in the thermally aged sample but no
noticeable changes are observed on the back side of the UV aged EVA and the
control sample, despite the fluctuation in data. The results for the back side
of the UV aged sample show that the UV has not been able to penetrate and
affect it which can be due to the presence of UV absorber. Therefore, the only
difference between the back side of the UV aged sample and the thermally
aged is the ageing temperature. The thermally aged EVA has been exposed to
a higher temperature (65°C) which is the reason for the decrease in the
absorbance for thermally aged EVA. Thus, UV has the dominant ageing effect
while the effect of temperature is minor.
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Figure 5.3: Variation of absorbance at 1740 cm as a function of exposure time.

Figure (5.4) shows the absorbance changes at 1720 cm-1 (carboxylic acid) as
A1720/A721 for all samples. As expected, no significant changes are observed in
the case of the control sample and the non-irradiated side of the UV aged
sample. Nevertheless, there are notable changes seen in the UV and thermally
aged samples in which the rate of changes for the UV aged sample is more
significant and shows the dominant ageing effect of UV. It was expected that
the thermally aged and back side of the UV aged samples show similar
behaviour but due to elevated ageing temperatures in thermal ageing the rate
of changes for the thermally aged sample is higher. The rate of
photodegradation comes from the changes at 1720 cm-1 versus ageing time
(Morlat-Therias et al. 2007). Table (5.2) presents the best fit parameters for
the changes in A1720 for the top side of the UV aged sample.
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Figure 5.4: Variation of absorbance at 1720 cm as function of exposure time.

Table 5.2: Line of best fit parameters (Figure (5.4) UV aged top side).

Sample

Wave number (cm-1)

R2

Gradient

UV aged (top side)

1720

0.9699

0.00249

Figure (5.5) shows the variation of absorbance at 1767 cm-1 (lactone) by
ageing time as A1767/A721. The absorbance for the top side of the UV aged EVA
has increased dramatically while there are no changes observed in the control
sample, thermally aged sample and the back side of the UV aged sample.
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Figure 5.5: Variation of absorbance at 1767 cm as a function of exposure time.

88

Examination of the Response of Ethylene-vinyl Acetate Film to UV Irradiation
Figure (5.7) shows the absorbance change at 910 cm-1 (A910/A721) versus
exposure time. A910 is the attributed wave number for vinyl group which is an
unsaturated group and responsible for discolouration of EVA, Therefore the
rate of vinyl formation can be a measure for EVA discolouration. The
absorbance for the top side of the UV aged EVA has sharply increased while
there is a very slight increase in the case of the thermally aged EVA is
observed. As expected no changes are observed in the control sample and the
back side of the UV aged EVA which, is due to being away from the
degradation factors and not exposed to a high temperature respectively. Once
again the results indicate the dominant ageing effect of the UV in chemical
degradation of EVA and particularly in discolouration of EVA.
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Figure 5.6: Variation of absorbance at 910 cm as a function of exposure time.

5.3.2 Analytical investigation of photodegradation
Figure (5.7) shows the flowchart of the taken approach to predict EVA’s
photodegradation only. In order to calculate k (fractional decay rate), Eq.
(5.15) was fitted to variation of experimental data in Figure (5.3). Figure (5.8)
and Table (5.3) show the fitting and its parameters respectively.
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Figure 5.7: Flowchart of the investigation the lifetime of EVA regarding the photodegradation
only.
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-1

Figure 5.8: Variation of absorbance at 1740 cm (normalized) on the irradiated surface as a
function of exposure time.

Table 5.3: Best fit parameters (Figure (5.8)).

Sample

k (m2/J)

Intercept

R2

Irradiated surface, UV aged EVA

29400

-0.0001533

0.949

Once k is found concentration of ester (photoreactant) can be modelled as
function of time on the irradiated surface of EVA. Figure (5.9) shows
concentration of ester as function of exposure time for the first 300 hours of
the exposure time. The results show a good agreement between the
experimental and analytical results with an error in the range 5%. The source
of error may be variation of intensity in UV chamber, thermal ageing of EVA
(described in chapter 4).
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Figure 5.9: Variation of concentration of ester on the irradiated surface as a function of
exposure time-validation of analytical and experimental results.

Now the concentration of photoreactant can be predicted on the surface of
EVA in time. Figure (5.10) shows the variation of concentration of ester on the
irradiated surface of EVA in 30 years. The results show that the photoreaction
is completed on the surface after around 5 years of continuous UV exposure
at the intensity of 0.68 W/m2 however, in the field due to cycles of day and
night and various weather conditions this time will be longer in the real field
conditions. These results are in agreement with the field data presented in
(Czanderna & Pern 1996).
In order to achieve the concentration of photoproduct (carboxylic acid), λ
(stoichiometric coefficient) should be known. Figure (5.11) shows the
variation of concentration of carboxylic acid versus concentration of ester
where λ comes from the gradient of the fitted line. Table (5.4) shows the
calculated λ and the fitting parameters.
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Figure 5.10: Variation of concentration of ester (photoreactant) on the irradiated surface as a
function of time.
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Figure 5.11: Variation of concentration of carboxylic acid versus concentration of ester.

Table 5.4: The fitting parameters Figure (5.11).

Gradient

Intercept

R2

-0.3113

62.44

0.98
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Now the concentration of photoproduct can be predicted on the surface of
EVA. Figure (5.12) shows the variation of carboxylic acid concentration on the
irradiated surface of EVA in 30 years. The results show a similar trend to the
variation of ester which indicates that the photoreaction is completed on the
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Figure 5.12: Variation of concentration of carboxylic acid (photoproduct) on the irradiated
surface as a function of time.

Since the experimental data were only achieved on the surface of EVA, it is
not possible to predict the photodegradation in depth and validate the model
however, it should be mentioned that in the field the top side of EVA is more
susceptible to photodegradation and the discolouration and delamination also
start from interface of EVA-Glass. Therefore, it is concluded that the model is
valid for the surface.

5.3.3 Differential Scanning Calorimetry (DSC)
As mentioned in section (5.3.1) UV makes significant changes in EVA’s
structure owing to photodegradation. In order to investigate these changes
DSC technique was applied as described in section (3.4.1).
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Figure (5.13) shows the DSC thermograms before and after ageing. Both
unaged and aged EVAs show double melting peaks. In the case of unaged EVA
the melting peak appears around 46°C with a shoulder around 57°C. After
ageing, the peak and the shoulder separate and the peaks’ temperatures
increase as the ageing time increase. The separation of melting peaks is due to
primary and secondary crystallisation (Chen et al. 2009b; X. Shi et al. 2009;
Lee & Kim 2008; K. A. Moly et al. 2005; Li et al. 2004; Brogly et al. 1997b; Feng
& Kamal 2005; Alizadeh et al. 1999). The entire ageing process includes
physical variations in crystallization and photochemical degradation.

J (W/g)

Unaged
UV at 65°C, Aged for 3 weeks
UV at 65°C, Aged for 6 weeks
UV at 65°C, Aged for 8 weeks

-100

-50
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50

100

150

200

250

T (°C)

Figure 5.13: DSC first heating thermograms for the unaged and UV aged EVA-Exo Up.

The UV ageing process consists of photochemical degradation and physical
variation in crystallisation (Jin et al. 2010b). The relative crystallinity, Xc, of the
samples was calculated as a function of ageing duration through Eq. (3.1).
Figure (5.14) shows the changes in crystallinity versus ageing time. Analysis of
the results of the first heating shows that crystallinity decreases due to
degradation, which can influence the mechanical behaviour of EVA. It is also
observed that there is no change seen during the second heating.
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Figure 5.14: Crystallinity versus ageing time after first and second heating for unaged and UV
aged EVA.

In order to understand the impact of chemical photodegradation on the
structure of EVA crystallinity is plotted versus concentration of ester and
carboxylic acid, respectively. Figures (5.15) and (5.16) show the relation
between the concentration of ester and carboxylic acid with changes in
crystallinity of the EVA respectively. The results show the crystallinity
decreases by decreasing concentration of ester and increasing concentration
of carboxylic acid. Therefore, continuing photodegradation can damage the
material and affect the structure of it.
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Figure 5.15: Variation of crystallinity versus changes in concentration of ester on the
irradiated surface of UV aged EVA.
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Figure 5.16: Variation of crystallinity versus changes in concentration of carboxylic acid on the
irradiated surface of UV aged EVA.

The Tg determined by a step change in the heat flow, was found to be around
-25°C for aged and unaged samples. Figure (5.17) shows Tg versus ageing time.
The results show ageing has no significant impact on Tg.
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Figure 5.17: Glass transition temperature versus ageing for unaged and UV aged EVA.

5.3.4 Dynamic Mechanical Analysis (DMA)
The storage modulus (E’) was determined as a function of temperature for the
UV aged samples, as described in section (3.4.2). Figure (5.18) illustrates E’
versus temperature. The curves show the different regions and transitions of
a viscoelastic material as temperature increases (Dolores Fernández & Jesús
Fernández 2007). There is a sharp decrease in modulus at around -30°C, which
can be attributed to the glass transition and then another stepped decrease
between 40°C and 70°C, which may be due to some crystal melting. These two
stepped changes correlate well with the DSC identified Tg and melting point.
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Figure 5.18: Storage modulus versus temperature for unaged and UV aged EVA.
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Figure (5.19: a) shows tan(δ) versus temperature for the UV aged samples. In
the curves the peaks are attributed to the glass transition temperature of the
samples (Varghese et al. 2002) which is shown in Figure (5.19: b). This also in
correlation with DSC results (Figure (5.17)) and does not show a significant
change in Tg.
The storage modulus at a given temperature was plotted against the ageing
time to investigate the effect of ageing on the mechanical properties of the
EVA. Figures (5.20: a-d) show this for four temperatures. These figures show
E’ reduces with increasing ageing time.
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Figure 5.19: (a) tan(δ) vs temperature for unaged and UV aged EVA, (b) Tg versus ageing
duration based on Figure (5.19: a).
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Figure 5.20: Storage modulus measured at (a) -20˚C, (b) 0˚C (c), 20˚C (d) 40˚C as a function of
ageing time.

E’ vs temperature for four temperature values was consolidated into one plot
as a mean in order to approximate the general trend of E’. This can be seen in
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Figure (5.21), which shows a decreasing storage modulus as the material ages.
Further, the variation in modulus depends on temperature; as the
measurement temperature increases, the dependence on the ageing duration
weakens (Table (5.5)).
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Figure 5.21: Mean storage modulus versus ageing time for EVA.

Table 5.5: The fitting parameters for storage modulus at different fixed temperatures based
on Figures (5.20).

Temperature (°C)

Gradient

Intercept

R2

-20

-15.9

194.7

0.96

0

-1.284

10.86

0.97

20

-0.4655

5.245

0.82

40

-0.2712

2.119

0.81

In order to understand the influence of photodegradation on the mechanical
properties of EVA mean E’ is plotted versus Cr and Cp. Figures (5.22) and (5.23)
show the relation between the concentration of ester and carboxylic acid with
changes in mean E’ respectively. The results show the storage modulus
decreases by decreasing concentration of ester and increasing concentration
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of carboxylic acid. Therefore, photodegradation damages the EVA’s
mechanical properties which are due to destructive influence of
photochemical degradation.
140
120

E' (MPa)

100
80
60
40
20
0

52

51

50

49

48

47

46

45

44

43

Concentration of Ester (mol/m3)

Figure 5.22: Average storage modulus versus concentration of ester on the irradiated surface
of UV aged EVA.
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Figure 5.23: Average storage modulus versus concentration of carboxylic acid on the
irradiated surface of UV aged EVA.

102

Examination of the Response of Ethylene-vinyl Acetate Film to UV Irradiation

5.4 Conclusions
In this chapter the impact of UV irradiation on the photodegradation,
structure and properties of EVA was investigated by exposing EVA to artificial
UV ageing. For the sake of comparison some samples were kept in a
desiccator away from the degradation factors as control samples and also
some samples were aged in a dark laboratory oven at 65°C in order to isolate
the UV from the thermal effects.
The FTIR-ATR spectra of unaged and UV aged EVA showed notable chemical
changes occurred as a result of UV ageing. The absorbance peaks related to
carboxylic acid, lactone and vinyl sharply increased after the UV irradiation.
The changes on the irradiated side of the UV aged samples were more
significant compared to other samples which show the dominant effect of UV
in the chemical degradation of EVA. The differences in the FTIR-ATR spectra
on the UV irradiated and non-irradiated side of the UV aged samples show
that the intensity is depth dependant. The analytical results showed that the
photochemical reaction is completed on the irradiated surface of EVA in
around 5 year at 0.68 W/m2 of continuous UV intensity. It should be
considered that this time is much longer considering the real field condition
and the glass top layer which absorbs a great portion of UV. DMA showed
storage modulus at 1 Hz was significantly reduced with increases in
temperature due to viscoelastic nature of the copolymer. Ageing had
significant influence on the mechanical properties of the EVA and reduces the
storage modules monotonically as a function of ageing degree. DSC results
showed the crystallinity was massively affected by UV which suggested that
property changes could be connected to structural modifications. Both DSC
and DMA results showed that the photodegradation significantly affects the
structure and mechanical properties of EVA.
In the next chapter moisture absorption of the EVA is studied and the
influence of damp heat ageing on the properties of EVA in investigated.
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Chapter 6
Investigation of Moisture Diffusion and the
Response of Ethylene-vinyl Acetate Film to DampHeat

6.1 Introduction
The importance of moisture ingress and the impact of moisture on the
durability and performance of PV modules have motivated many researchers
to investigate moisture diffusion in the module and in particular, the
encapsulant materials. However, the majority of these investigations have
been carried out using Mocon® devices under ideal conditions and either in
the presence of elemental gas, such as nitrogen, to degas the material and
then with humidity applied to study the permeability. This method is an
indirect method to calculate the moisture diffusion coefficient from direct
measurements of the permeability and solubility.
Diffusion is the net movement of molecules from a region of high
concentration to a region of low concentration. Water sorption in polymers is
linked to the availability of free volume holes in the polymer chain networks
and polymer-water affinity. The hole availability depends on factors such as
polymer morphology, structure and crosslink density (Nogueira et al. 2001; Liu
et al. 2003). The investigation and modelling of water/moisture absorption in
polymers is of concern in many engineering applications and has been the
subject of significant previous research (Ashcroft et al. 2012; Liu, Wildman,
Ashcroft, et al. 2012b; a. Mubashar et al. 2009; A. Mubashar et al. 2009).
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In this chapter the diffusion coefficient of EVA is determined as function of
relative humidity. This was performed by applying the solution of the diffusion
equation to moisture uptake experiments and extracting the diffusion
coefficient (D) via curve fitting following with prediction of moisture
concentration. Figure (6.1) illustrates the approach taken and techniques used
in this chapter in order to investigate the impact of the damp heat ageing and
moisture absorption on the structure and viscoelastic properties of EVA.

Figure 6.1: Flowchart of investigation of EVA’s response to damp heat ageing.

6.2 Analytical Solution of the diffusion equation
6.2.1 Fickian Diffusion
Moisture absorption in a plane sheet can often be simplified to a one
dimensional diffusion problem. The simplest moisture diffusion can be
modelled through the solution of Fick’s Second Law of diffusion (Siah 2010;
Shirrell 1978; Crank 1975), which is represented mathematically by Eq. (6.1).
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𝜕𝑐(𝑥,𝑡)
𝜕 2 𝑐(𝑥,𝑡)
𝜕
=
(𝐷
)
𝜕𝑡
𝜕𝑥
𝜕𝑥

(6.1)

where c(x,t) is the moisture concentration and D is the diffusion coefficient, t
and 𝑥 are the time and spatial coordinate respectively. In the case where D is
independent of the moisture concentration, Eq. (6.1) can be simplified to:

𝜕𝑐(𝑥,𝑡)
𝜕 2 𝑐(𝑥,𝑡)
=𝐷
𝜕𝑡
𝜕𝑥 2

(6.2)

In the one dimensional case with uniform initial concentration of the
penetrant throughout a plane sheet, the boundary conditions can be
represented by

𝑐(𝑥,0) = 𝑐0 𝑎𝑡 − 𝑙 ≤ 𝑥 ≤ 𝑙 𝑎𝑛𝑑 𝑡 = 0

(6.3)

𝑐(𝑥,𝑡) = 𝑐𝑏 𝑎𝑡 𝑥 = −𝑙, 𝑥 = 𝑙 𝑎𝑛𝑑 𝑡 ≥ 0

(6.4)

where 𝑐0 and 𝑐𝑏 are the initial moisture concentration in the plate and the
moisture concentration of the boundary/surface respectively and 𝑙 is
thickness of the sheet where in this case 𝑙/2 is used due to using free standing
films in the gravimetric test.
The solution for Eq. (6.2) can be obtained by the method of separation of
variables or by the Laplace transform (Crank 1975). The solution for 1-D
Fickian diffusion in a plane sheet is
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𝑐(𝑥,𝑡)− 𝑐0
𝑐𝑏− 𝑐0

=1−

4
𝜋

(−1)𝑛

∑∞
𝑛=0 (2𝑛+1) 𝑒𝑥𝑝 [

−(2𝑛+1)2 𝜋 2 𝐷𝑡
4𝑙2

(2𝑛+1)𝜋𝑥

] × 𝑐𝑜𝑠 (

2𝑙

)

(6.5)

In our experiments it is assumed the material had no moisture content at t = 0
when the samples were placed in the environmental chamber, therefore,
𝑐0 = 0 and 𝑐𝑏 = 𝑐𝑠𝑎𝑡 . Eq. (6.5) can then be simplified to

c(x,t)
csat

=1−

4
π

(−1)n

∑∞
n=0 (2n+1) exp [

−(2n+1)2 π2 Dt

(2n+1)πx

4l2

2l

] × cos (

)

(6.6)

This gives the moisture content distribution, however to relate to gravimetric
experiments the sum of moisture in the film is determined by integrating over
the thickness 2𝑙, giving Eq. (6.7) (Crank 1975; Fan et al. 2009).

∞

(−1)𝑛
𝑀𝑡
8
−(2𝑛 + 1)2 𝜋 2 𝐷𝑡
=1− 2 ∑
𝑒𝑥𝑝
[
]
(2𝑛 + 1)2
𝑀∞
𝜋
4𝑙 2

(6.7)

𝑛=0

where 𝑀𝑡 and 𝑀∞ are the total mass of moisture at time t, saturated mass of
moisture in the sheet. The relation between concentration and mass is
presented as Eq. (6.8)-(6.9).

𝑐𝑠𝑎𝑡 =

𝑐0 =

𝑀∞
𝑉

(6.8)

𝑀0
𝑉

(6.9)
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where 𝑉and 𝑀0 are the volume and the initial mass of moisture respectively.

6.3 Results and discussion
The results of gravimetric, water vapour transmission, DSC and DMA are
presented below based on the ageing conditions and experimental techniques
described in sections (3.3) and (3.4) respectively.

6.3.1 Measurement of moisture diffusion coefficient and
predicting moisture concentration
6.3.1.1 Gravimetric method
Figure (6.2) shows the absorption curve for EVA at 85°C-85% RH. As expected
the moisture content increases with time. Under this condition, the samples
were saturated after around 5 weeks, after which the sample weights were
constant. Using the data shown in Figure (6.2), the value of the moisture
diffusion coefficient were obtained by fitting Eq. (6.7) to the experimental
gravimetric data, where the summation was taken to the first 50 terms. The
resultant values for the moisture diffusion coefficient (D), the saturation
moisture concentration (cs) are presented in Table (6.1).
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Figure 6.2: Moisture absorption curve for EVA film at 85°C-85% RH, (a) Mt/Mq vs time, (b)
Mt/Mq vs √time/l.
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Table 6.1: Gravimetry test results.

Sample

Condition

Thickness

WVTR

(mm)

2

(g/(m .day)

0.526

-

Permeability
2

cs

Diffusion

(gm.cm)/(cm .sec.Pa)

3

2

(kg/m )

(m /sec)

-

13.714

5.028× 10

Solubility
2

(gm/(cm .Pa)

85°C
EVA

-11

_

85% RH

6.3.1.2 Water Vapour Transmission Rate
As described in section (3.5.2) Water Vapour Transmission Rate (WVTR) is an
indirect technique to measure the moisture diffusion coefficient. Table (6.2)
presents the results of the WVTR test provided by RDM TEST Equipment® at
the conditions detailed in Table (3.3).

Table 6.2: WVTR test results (the analyses were carried out on a MOCON® Permatran-W
Water Vapour Permeability Instrument).

Sample

Condition

Thickness

WVTR

(mm)

2

Permeability

(g/(m .day)

(gm.cm)/(cm .sec.Pa)

(kg/m )

(m /sec)

(gm/(cm2.Pa)

0.526

37.77

3.114 × 10-13

-

7.085 × 10-11

4.395 × 10 -7

2

cs

Diffusion
3

2

Solubility

40°C
EVA
100% RH

The diffusion coefficient measured and calculated by both techniques are in
agreement with the values from the literature (Table (2.3)), however, there is
a difference of around 2 × 10-11 between the two values measured by Mocon®
and gravimetric methods which can be due to the different test conditions,
differences in the nature of tests where in the gravimetric method the EVA
film was exposed to 85°C-85% RH for around 5 weeks but in the WVTR test
the sample was exposed to 40°C and 100% RH for around 140 minutes in the
presence of nitrogen to avoid any degradation and also experimental errors
where in gravimetry the samples were not kept continuously at 85°C-85% RH
and they were taken out for weight measurement.
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In this study the diffusion coefficient measured by gravimetric test was used
for predicting moisture concentration in depth.

6.3.1.3 Moisture concentration
Once moisture diffusion coefficient is determined, moisture concentration at
any spot within the film at time t can be achieved via Eq. (6.6) (Karimi 2006).
Figure (6.3) shows the moisture concentration inside the EVA film. The results
show the moisture concentration increases by time until saturation point after
around 5 weeks under constant condition of 85°C-85% RH.
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Figure 6.3: Simulated moisture concentration inside the EVA film at different depths (X1-X10)
under the damp heat condition of 85°C-85% RH.

6.3.2 Differential Scanning Calorimetry (DSC)
The first heating thermograms of unaged and aged EVA at 85°C-85% RH and
22±3°C-85% RH are reproduced with offsets added for the sake of comparison
which are presented in Figures (6.4: a-b). Unaged EVA shows a melting area
between 40°C and 80°C with a single peak at 45°C and a shoulder at 55°C. The
melting transition of the ethylene segment has been accepted as showing as a
peak with a shoulder observed between 40°C to 80°C (Motta 1997; Li et al.
2013). As the ageing at 85°C-85% progresses the peak at 45°C disappears and
the melting peak shows itself at 55°C. The secondary melting point is linked to
the secondary crystallization which takes place between the primary
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crystallization and storage or exposure to elevated temperature (Oreski &
Gernot M. Wallner 2010). It is reported that the ethylene copolymer has a
two-stage

crystallisation:

primary

and

secondary.

The

secondary

crystallisation is due to rearrangement of irregular polymer chains and the
segments that are left in the amorphous phase, into the crystals (Akpalu et al.
1999; Feng & Kamal 2005; Alizadeh et al. 1999). The secondary melting point
is assigned to the less organised crystal phase considering the fact that EVA
containing 33% VAc is semi-crystalline and ageing may affect the less
crystalline phase (Brogly et al. 1997a). In the case of 22±3°C-85% RH the
thermograms do not change with ageing, which shows the significant effect of
temperature on changes in the copolymer’s structure.
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Figure 6.4: DSC first heating thermograms for the unaged and damp heat aged EVA at (a)
85°C-85% RH and (b) 22±3°C-85% RH-Exo Up.
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Figure (6.5: a-b) show Tg versus ageing time for the two different ageing
conditions. Tg, typically identified by a step change in the heat flow was found
to be around -25°C for aged and unaged samples, suggesting ageing has no
significant effect on Tg.
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Figure 6.5: Glass transition temperature versus ageing time for EVA at (a) 85°C-85% RH and
(b) 22±3°C-85% RH.

Figures (6.6: a-b) show Xc (calculated via Eq. (3.1)) versus ageing time for the
two different ageing conditions. Analysis of the first heating results shows that
in the case of ageing at 85°C-85% RH, crystallinity had increased after 3 weeks
of ageing and then decreased to a value lower than the original crystallinity.
The increase in the crystallinity is due to the secondary crystallization which
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continues when EVA is aged above the glass transition temperature in the
damp heat ageing and the crystals become larger (X. M. Shi et al. 2009)which
has also been observed by other researchers using different techniques
including DSC and WAXD (Oreski & Gernot M Wallner 2010; X.-M. Shi et al.
2009; Chen et al. 2009). The increasing crystallinity can also be due to the
creation of double bonded water as presented in the study performed by
(Iwamoto & Matsuda 2005; Iwamoto et al. 2003). The results of ageing at
22±3°C-85% show a similar trend but over a longer time scale, which would be
expected as both moisture absorption and thermal degradation are thermally
activated processes. It can also be seen that in both ageing environments
there is no change in crystallinity during the second heating. It can be
concluded, therefore, that moisture diffusion into the polymer structure
causes an increase in crystallinity, however, elevated temperature has a
greater influence on the structure of the EVA as the ageing time increases. It
should also be mentioned again here that the first heating was to investigate
the impact of ageing on EVA and the second heating was to erase the thermal
history regarding the curing, storing consitions and the ageing inorder to
investigate the properties of EVA indipendant from of these effects. In order
to understand the relation between the moisture absorption and the
structural changes in EVA, the changes of crystallinity were investigated as
moisture concentration increases. Figure (6.7) shows crystallinity after first
and second heating versus moisture concentration at the intervals of 0, 3, 6
and 9 weeks considering the EVA samples saturated in 5 weeks. The results of
the first heating show crystallinity increases as the samples absorbs moisture
until the saturation point. After the saturation point the crystallinity decrease
to a value lower than the initial value which show the initial impact of
moisture absorption which cause an increase in crystallinity however, with
further ageing at damp heat condition after saturation point thermal
degradation (described in chapter 4) plays a dominant role which cause a
decrease in the crystallinity. The results of the second heating do not show
any significant changes in the crystallinity due to the erased thermal history.
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Figure 6.6: Crystallinity versus ageing time after first and second heating for unaged and aged
EVA at (a) 85°C-85% RH and (b) 22±3°C-85% RH.
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Figure 6.7: Crystallinity versus average concentration after first and second heating for
unaged and aged EVA at 85°C-85% RH.
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6.3.3 Dynamic Mechanical Analysis (DMA)
Figures (6.8: a-b) show the storage modulus (E’) determined as a function of
temperature at a frequency of 1 Hz for the two damp heat ageing conditions.
As the temperature increases, E’ decreases and the curves show the typical
regions and transitions of a viscoelastic material, as described previously
(Stark & Jaunich 2011). A four-decade difference is observed in E’ between 75°C and 95°C with a sharp decrease at around -30°C, which can be attributed
to the glass transition and then another stepped decrease between 40°C and
65°C which may be due to some crystal melting. Both transitions correlate
well with the DSC identified Tg and melting points. The results show that the
mechanical properties of EVA were affected more significantly under 85°C85% RH condition due to the higher temperature and changes in the
crystallinity, where E’ has a significant increase after 3 weeks and then it
drops to lower values than the original values as the ageing time increases.
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Figure 6.8: Storage modulus vs temperature for unaged and aged EVA at (a) 85°C-85% RH and
(b) 22±3°C-85% RH.

Figures (6.9: a) and (6.10: a) show tan(δ) versus temperature for two damp
heat ageing conditions, in which the peak can be attributed to the glass
transition temperature of the samples as shown in Figures (6.9: b) and (6.10:
b) (Varghese et al. 2002). This also correlates well with the DSC results (Figure
(6.5)). The plots do not show a significant change in Tg with ageing for either
condition.
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Figure 6.9: (a) tan(δ) vs temperature for unaged and aged EVA at 85°C-85% RH, (b) Tg versus
ageing duration based on Figure (6.9: a).
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Figure 6.10: (a) tan(δ) vs temperature for unaged and aged EVA at 22±3°C-85% RH, (b) Tg
versus ageing duration based on Figure (6.10: a).

For further investigation of the effect of damp heat ageing on the mechanical
properties of the EVA, the storage modulus at a given temperature was
plotted against the ageing time for the aged and control samples. Figures
(6.11: a-d) and (6.12: a-d) show plots of modulus as a function of ageing time
measured at 0°C, 20°C, 40°C and 60°C. In the case of 85°C-85% RH after three
weeks of damp heat ageing E’ increased due to the increase in crystallinity
(Figure (6.6)). However, one can see that E’ reduces to lower than the initial
value with increased time of ageing. At 22±3°C-85% RH E’ shows a different
behaviour. E’ increases up to the sixth week of the ageing at damp
environment and start to decrease after this point which is a similar trend to
85°C-85% RH but in a longer time scale and can be due to changes in structure
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of EVA (presented in Figure (6.6). Comparing the test results of both damp
heat conditioning conditions, shows the significant impact of moisture
diffusion into the copolymers structure at the early stage of the exposure
which increases the crystallinity but on the other hand the impact of heat on
the polymer ageing and mechanical degradation is noticeable and causes a
decrease in E’ as pointed out in chapter 4 where the storage modules reduced
by thermal ageing as a function of ageing degree. In other words moisture
diffusion and thermal degradation competes in damp heat ageing in particular
in the early stage of ageing. However, the analysis of the results of the damp
heat test at 85°C-85% RH indicate that the effect of heat is more dominant as
the ageing time increases.
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Figure 6.11: Storage modulus measured at (a) 0˚C, (b) 20˚C (c), 40˚C (d) 60˚C as a function of
ageing time at 85°C-85% RH.
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Figure 6.12: Storage modulus measured at (a) 0˚C, (b) 20˚C (c), 40˚C (d) 60˚C as a function of
ageing time at 22±3°C-85% RH.

In order to have a clear view of the general trend, E’ versus ageing time for
four fixed temperature values (Figures (6.11: a-d) and (6.12: a-d)) were
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combined into one plot as a mean storage modulus versus ageing time. The
consolidated results are shown in Figure (6.13), which shows a decrease in
storage modulus after the third week of ageing at 85°C-85% RH as the
material ages. In the case of 22±3°C-85% RH the storage modulus was
increasing up to week six of ageing and then started to decrease. The impact
of damp heat ageing can be divided into the effect of moisture which
increases the modulus at the early exposure time and ageing effect of heat
which has an opposite and dominant influence as the ageing time increases.
In the case of 85°C-85% RH the samples absorbs and loses moisture faster due
to the higher test temperature which results in a sharp decrease in
crystallinity and E’ as its consequence But when the test temperature is 22°C
the samples moisture desorption is slower which results in a gradual decrease
in crystallinity and E’, therefore, moisture affects the properties of EVA at the
early stage of the test and up to the saturation point where temperature plays
a significant role after this point. Both increasing and decreasing storage
modulus can cause serious problems such as delamination and problems in
mismatches in thermal expansion and cracking of the cell and wiring (Oreski &
Gernot M. Wallner 2010). Thus, the damp heat ageing can result in significant
problems during service lifetime of a PV module.
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Figure 6.13: Average storage modulus versus ageing time for EVA aged at 85°C-85% RH and
22±3°C-85% RH.
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Since the moisture diffusion and concentration play an important role in the
first stage of the damp heat ageing it is needed to investigate the relation
between the moisture absorption in EVA and the changes in the mechanical
properties the changes of the storage modulus is plotted versus the moisture
concentration. Figure (6.14) shows the variation of storage modulus at
different moisture concentrations. It can be seen that the storage modulus
increase by increasing absorbed moisture in EVA up to the saturation point
but after this point the storage modulus decreases which can be correlated to
the changes in the crystallinity and the influence of thermal degradation after
the saturation point. Therefore, it can be concluded that after saturation
point, the thermal degradation affects the mechanical properties of the EVA
more significantly.
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Figure 6.14: Average storage modulus versus average moisture concentration for EVA aged at
85°C-85% RH.

6.4 Conclusions
The response of the EVA copolymer to damp heat ageing was investigated at
two conditions, with the same RH level and different temperatures (22±3°C85% RH and 85°C-85% RH). Various techniques were applied in order to
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measure the moisture absorption coefficient, viscoelastic properties and
investigate the morphological changes in response to damp heat ageing.
The results of the calorimetry indicated that the glass transition temperature
was unaffected by the ageing, however, the crystallinity increased after three
weeks of ageing, but then decreased on further ageing at 85°C-85% RH. At
22±3°C-85% RH the crystallinity increased up to the sixth weeks and then
decreased with further ageing. The DSC results show significant influence of
temperature on the structure of EVA. These results also suggested that
property changes could be connected to the structural modifications. The
storage modulus was shown to be strongly dependent on the crystallinity and
correlated well with the structural changes in the EVA seen in the DSC. The
results showed the long term damp heat has noticeable influence on the
mechanical properties of EVA and cause decrease in E‘. Comparing the DSC
and DMA results against the variation of moisture concentration indicated the
crystallinity and the storage modulus increased by increasing moisture
concentration up to the saturation point and started to decrease after the
samples reached the saturation. This can be due to the thermal degradation
(described in chapter 4) which plays a dominant role after the saturation
point.
As mentioned in chapter 4 PV modules will be subjected to different
degradation factors in service. This chapter investigated the combination of
humidity and heat which showed different results than the heat only and UV
only ageing. The next chapter reviews and discusses the results with a
comparative view in order to achieve a better understanding of the impact of
the different ageing factors on the mechanical properties of EVA.

124

Comparative study of ageing impact on the structure and mechanical
properties EVA under different ageing conditions

Chapter 7
Comparative study of ageing impact on the
structure and mechanical properties EVA under
different ageing conditions

7.1 Introduction
PV modules need to have a lifetime of 20-25 years to be economically
reasonable. In this regard the encapsulation material should be stable at high
UV exposure, elevated temperatures and humid environments. However, EVA
undergoes chemical and physical degradation on exposure to harsh
environmental conditions.
EVA undergoes complex degradation mechanisms owing to the interaction
between the degradation factors. To tackle and simplify this interaction the
logical approach was first to establish the properties and response of EVA in
isolation before considering the complex interaction between the
environmental degradation factors in the field. In this chapter, the response
of Ethylene-vinyl Acetate (EVA) film particularly the changes in crystallinity,
storage modulus and the dependence of the material properties on different
ageing conditions were compared. In the next sections the ageing impact of
degradation factors is compared in order to identify the dominant ageing
factor.
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7.2 Comparative study of UV, thermal and damp heat
ageing impact on the properties of EVA
For further investigation of the effect of ageing on the structure and
mechanical properties of EVA it is worth studying the impact of ageing factors
comparatively. Figure (7.1) shows the changes in crystallinity versus ageing
duration for different ageing conditions (see section (3.3)). The results show
that the impact of UV on reduction in crystallinity is greater than other ageing
factors considering that UV ageing was performed at 50°C while thermal
ageing was at 85°C. This is because the product of thermochemical
degradation at the in-service temperature of PV modules is acetic acid (as
shown in Figure (2.4)) which is not significant where EVA undergoes a complex
degradation process via Norrish reactions which yield to formation of acetic
acid, carboxylic acid, ketone, lactone, vinyl and etc. However, it was also
noticed that thermal only ageing has more deteriorating impact than damp
heat ageing. The results showed that the initial effect of damp heat was
moisture absorption and significant increase in crystallinity and storage
modulus up to the saturation point which can cause some severe problems
during service lifetime of a PV module and can lead to cracking of the solar
cells and their wiring connections (Oreski & Gernot M Wallner 2010) and
should be considered by PV module manufacturers.
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Figure 7.1: Crystallinity versus ageing duration for different ageing conditions.

Figures (7.2: a-c) show storage modulus (E’) at three fixed temperatures.
These results show a decreasing storage modulus as the material ages for UV
and thermal ageing but in the case of damp heat ageing there is an initial
increase due to the moisture diffusion into the copolymer’s structure and
increase in crystallinity of EVA as a result of creation of double bonded water
(Iwamoto & Matsuda 2005; Iwamoto et al. 2003) which is followed by a
decrease in E’ as ageing time increases. As shown in Figures (7.2) the
reduction in E’ is at a greater rate in the case of UV ageing which is due to the
influence of UV in crystallinity reduction (Figure (7.1)), chemical degradation
of EVA (Figures (5.7)-(5.9)) and also presence of antioxidants (S Isarankura Na
Ayutthaya & Wootthikanokkhan 2008) therefore it can be concluded that UV
is the dominant ageing factor among all degradation factors. These findings
are important in terms of the influence of degradation factors on the
mechanical properties of EVA and the criteria in selection of suitable modules
for different climatic conditions (Oreski & Gernot M Wallner 2010).
In the next section the results regarding the chemical changes in EVA after
ageing and the influence of ageing on the chemical structure of EVA will be
discussed for the sake comparison.

127

Comparative study of ageing impact on the structure and mechanical
properties EVA under different ageing conditions

25

Thermal ageing
UV ageing
DH 85°C-85% ageing
control sample

E' (MPa)

20

15

10

5

0
-10

0

10

20

30

40

50

60

70

80

Time (day)

10

(a)

Thermal ageing
UV ageing
DH 85°C-85% ageing
control sample

9
8

E' (MPa)

7
6
5
4
3
2
1
0
-10

0

10

20

30

40

50

60

70

80

Time (day)

(b)

5

Thermal ageing
UV ageing
DH 85°C-85% ageing
control sample

4

E' (MPa)

3

2

1

0

-1
-10

0

10

20

30

40

Time (day)

50

60

70

80

(c)

Figure 7.2: Comparitive effect of degradation factors on the storage modulus of EVA at (a)
0°C, (s) 20°C, (c) 40°C versus ageing duration for control sample and aged EVA at different
conditions.
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7.3 Comparative study of influence of the UV thermal
and damp-heat ageing factors on chemical changes in
EVA
In order to understand the influence of different ageing factors the produced
results are reviewed with a comparative view. The TGA and FTIR-ATR results
showed that acetic acid is the common degradation product in both thermal
degradation and photdegradation of EVA however, in the case thermal
degradation acetic acid is formed through the so-called deacetylation process
in the early stage of the decomposition and is the main degradation product
(Figure (4.3)) where quantities of other products (CO, CO2 and CH4) are
negligible (Marcilla & Sempere 2004). There is also a second stage of
degradation which occurs above 400°C which is not considered in this study.
The degradation behaviour of EVA is significantly dependant on vinyl acetate
concentration (VAc) and in this study EVA with 33% VAc is studied to focus on
the PV industry grade EVA. On the other hand photodegradation of EVA is a
more complex process and occurs by different processes than thermal
degradation where Norrish reactions are the dominant photodegradation
processes despite the effect of elevated temperature presented in chapter 4.
In photodegradation of EVA acetic acid is formed via ester elimination
(Copuroglu & Sen 2005) and through decomposition of vinyl acetate segment
represented by Norrish I and Norrish II as shown in Figure (5.3). Apart from
acetic acid formation photodegradation of EVA has other products which have
significant influence in the durability and performance of EVA. These products
include carboxylic acid, vinylene and vinyl which cause yellowing and affect
the optical transmission and deteriorate the performance of EVA as the
encapsulant (Morlat-Therias et al. 2007). The absorbance peaks related to
other products including carboxylic acid, lactone and vinyl sharply increased
on the irradiated surface after the UV irradiation where no significant changes
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were observed in other samples which show the dominant effect of UV in the
chemical degradation of EVA. The differences in the FTIR-ATR spectra on the
UV irradiated and non-irradiated side of the UV aged samples show that the
intensity is depth dependant. In this study photodegradation on the UV
exposed surface of EVA is predicted by a numerically developed model which
shows in case of unprotected UV exposure the degradation process completes
in around 0.5 year where It is reported in the literature that laboratory
environmental chamber conditions may be different from in-service
conditions and for instance the reduction in optical transmission after 6
month in an environmental chamber is much less than desired PV lifetime (M
D Kempe 2008) and also it is reported that discolouration of EVA can develop
in around 5 years (Czanderna & Pern 1996). The differences in results come
from different sample types where in the previous studies laminated samples
with low iron top glass have been used where most of the harmful UV is
absorbed by glass but in this study free film is used and the exposure was not
protected. The developed method is validated with FTIR-ATR results and can
be used in wide range of application including polymer degradation and solar
energy capture.
Damp heat had a different effect than UV and elevated temperature where
the main difference in IR spectra before and after damp heat ageing was
observed at between 3400 and 3700 cm-1. The observed changes were related
to moisture diffusion into the EVA’s structure and bonded water formation
which also caused an increase in the crystallinity of EVA in the early stage of
damp heat ageing and up to the saturation point however, the increase in
crystallinity has not been observed in EVA with VAc lower than 30% (X.-M. Shi
et al. 2009) which shows the significant impact of VAc on the ageing
behaviour of EVA. It should be mentioned that the PV degree EVA has VAc of
33% which is also used in this study.
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7.4 Conclusion
In this chapter the influence of different ageing factors on the crystallinity,
mechanical properties and chemical ageing behaviour of EVA was discussed
with a comparative view. The results showed all degradation factors cause a
reduction in crystallinity and mechanical properties of EVA in a long term
exposure. However, damp heat causes an initial increase in crystallinity and
storage modulus which was followed by a decrease in them as ageing time
increases. ATR-FTIR, DSC and DMA results indicated that UV has a greater
degrading influence comparing to other degradation factors which is due to
the photodegradation process EVA undergoes which yields to formation of
different chemical components where the thermochemical degradation of
EVA results in formation of mainly acetic acid under working temperature of
PV modules. It should also be mentioned that the damage caused by the
environmental factors and changes in mechanical properties can cause
mismatches in thermal expansion, delamination and damage to solar cells
which eventually results in failure of a PV modules in the field.
The next chapter presents achievements and conclusions of the research. The
recommendation for future works will be also included in the next chapter.
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Chapter 8
Conclusion and Recommendations for Future Work

8.1 Conclusions
This work aimed to fully understand and predict the degradation of the
encapsulant material, EVA, under different environmental conditions using
artificial laboratory ageing and associate changes in mechanical properties by
examining the link between the chemistry, the structure and the mechanical
behaviour. This leaded to better understanding of module degradation and
lead to production of more durable PV modules. Based on the experimental
results and corresponding numerical analysis the following conclusions can be
made:


The thermal degradation of EVA was investigated using techniques that
enabled the viscoelastic properties and thermal stability to be measured.
The findings showed


The activation energy of deacetylation was unaffected by the ageing
process.



The chemical changes due to thermal activation did not significantly
influence the lifetime of the EVA.



Ageing reduced the crystallinity and storage modules as a function of
ageing degree.



DSC results suggested that property changes could be connected to
structural modifications.



The photodegradation of EVA and its influence on the structure and
mechanical properties were investigated using ATR-FTIR, DSC and DMA.
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The IR spectra showed notable increases in the absorbance peaks
related to carboxylic acid, ketone and vinyl on UV ageing.



The most significant changes were observed on the UV exposed side of
the sample, where the UV non-exposed side of the samples were not
affected.



The differences in the ATR-FTIR spectra on the UV affected and back
side of the UV aged samples shows that the intensity is depth
dependant.



DSC and DMA analysis showed that the structure and the storage
modulus of the samples were extremely influenced by UV exposure
respectively and a sharp decrease was observed in the crystallinity and
accordingly in storage modulus.



A numerical model was developed to enable the prediction of the
photodegradation in EVA. The model showed a good agreement on the UV
exposed surface but there were significant discrepancies on the nonirradiated surface which could be due to the presence of UV absorber in
the EVA which explains why no effect of UV was observed on the nonirradiated side.



The response of EVA to damp heat environment was investigated at two
conditions with same RH level and different temperatures.


The measurement of moisture absorption coefficient was carried out
by gravimetry and WVTR technique (Mocon device). The measured
values were in a same range and in agreement with the literature.
However, there was a slight difference in the measured values which
could be because of the different test conditions and different nature
of the tests.



The distribution of the moisture concentration in depth was modelled
and the impact of moisture concentration on the crystallinity and
storage modulus of EVA were investigated.
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The calorimetry results indicated that the crystallinity increases in the
initial stage of damp heat ageing due to incorporation of moisture into
the polymer’s structure however it decreases as ageing time increases.



The rate of the decrease in crystallinity was shown to have
dependency on the temperature as the higher temperature resulted in
greater rate of decrease in crystallinity after the initial increase.



DMA results showed that the storage modulus has strong dependency
on the crystallinity and follows the structural changes of EVA.



A comparative analysis to include the effect of all ageing factors was
applied to give a better understanding of the degradation factors.


All degradation factors cause a reduction in crystallinity and
mechanical properties of EVA in a long term ageing.



ATR-FTIR, DSC and DMA results indicated that UV has a greater
degrading influence comparing to other degradation factors which can
be summarised as UV > T > DH.

8.2 Recommendations for future work
This work focused on investigating the chemical degradation of encapsulant
to understand the degradation mechanisms to be able to develop a predictive
model for lifetime behaviour prediction and link the chemical degradation to
the changes in the structure and mechanical properties of the EVA. Although
extensive work has been conducted, more work is still required to enhance
the modelling part and use other techniques to be able to improve the
understanding of the degradation of EVA to include other aspects of
degradation such as delamination and extend the knowledge by incorporating
field conditions. This should include:


Considering the combining effect of environmental factors and the
interaction between them on the degradation of EVA: In this work the
impact of degradation factors on chemical degradation, structure and
mechanical properties of EVA was investigated in isolation. In the field PV
Modules are subjected to the combination of elevated temperatures, light
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and humidity. It is important that the interaction between the effects of
these environmental factors and effect of daily cycling including moisture
absorption and desorption to be investigated in order to enhance the
understanding regarding the field conditions.


Investigating the impact of the discolouration on optical properties of EVA:
UV exposure causes discolouration in EVA which affects its optical
properties and the efficiency of the modules. It is essential to find out the
relation between the degree of discolouration, light transmission through
EVA and electrical efficiency in order investigate the rate of loss in
modules’ efficiency versus degree of discolouration.



Enhance the photodegradation model by including the effect of UV
absorbers to be able predict the photodegradation in depth: UV exposure
causes serious damages to EVA which starts from the surface and
develops in depth. In order to be able to predict the photodegradation in
depth it is essential to use different experimental techniques to have
access to data in depth of EVA and develop a predictive model which
includes the effect of additives such as UV absorber to achieve a valid
accurate model. In this regards the experimental results and the initial
model developed in this research can pave the way to improve the model.



Investigating the influence of UV ageing on moisture diffusion coefficient:
Moisture diffusion coefficient was measured and moisture concentration
was modelled accordingly in this research at single condition however, in
the field modules are exposed to cyclic conditions and the moisture
diffusion coefficient might be affected by degradation factors due to the
structural changes caused by these factors. Therefore, it is important to
investigate the impact of degradation factors on the moisture diffusion in
EVA.
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(a)

(b)

(c)

(d)
Figure App.1: Original DSC curves related to (a) Figure (4.15), (b) Figure (5.13), (c) Figure (6.4:
a), (d) Figure (6.4: b).
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