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ABSTRACT

This research aims to investigate the knowledge of encapsulation materials for solar cells
and to develop EVA-based encapsulant using domestic raw materials for the purpose of cost
reduction. EVAs which contain 18, 28 and 33 %wt VA contents were determined. The
crosslinking reactions with organic peroxides and silane coupling agent are essential phenomena
during the lamination-curing process. The important key factor of crosslinking reactions of
EVA-based encapsulant during lamination-curing process is organic peroxide. Three classes of
organic peroxide candidates which are dialkyl peroxide, peroxyester peroxide and peroxyketal
peroxide were studied. Dialkyl peroxide is not suitable because it has high half-life temperature
and its by-products can discolor the final product. Peroxyester peroxide as a commercial is good
for curing at temperature in range of 150 to 160°C which accomplished ultimate cure within 5 to
8 minutes. As well as the peroxyketal peroxide has higher performance which decreased optimum
cure time to 3 minutes. The domestic EVA resin, which contains 28 %wt VA conient (EVA-28),
is able to optimize cure as the commercial EVA 33 %wt VA content (EVA-33). Furthermore, the
EVA-28 compounded with 0.10 phr of peroxyketal peroxide has considerably good performance
" for the encapsulant formulation. Thus, it would be possible to use the domestic EVA for solar cell
encapsulant.

In addition, this research applied the MDR to determine crosslinking behavior. This
apparatus is suitable for real-time isothermal crosslinking reaction study. The isoconversional
model-free method was applied to estimate the activation energy of EVAs/Peroxide crosslinking
reactions. The crosslinking reactions of EVA-33/Dialkyl peroxide and EVA-33/Peroxyester

peroxide can be estimated approximately 96 and 75 kJ/mol which are similar to the first-order

II1



reaction by model-fitting method using computer programmed calculation. On the other hand, it
is not sufficient for estimation of the activation energy for manifold reactions likewise the
crosslinking reactions of EVA-33/Peroxyketal peroxide. Moreover, the MDR measurement can
be used to estimate the gel content by using the correlation of torque ratio (T-T,)/T, which

achieved the difference less than 3% from the conventional gel method.
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Chapter 1

Introduction

1.1 Background

Energy is a factor of the well being of people and is an essential driving force for
commercial and industrial potentials of countries. The global energy consumption is considerably
increasing. Fossil fuel is the main source for our energ; supplies. Unfortunately, fossil fuel is an
unsustainable resource and caused a lot of pollution as well as climate changes.

Therefore, renewable energy is essentially required to support the demand of energy
consumption. Solar energy is a sustainable energy. source which can be converted directly into
electricity using photovoltaic (PV) modules. The term “photovoltaic” is derived by combining the
Greek word for light, photos, with volt, the name of the unit of electromotive force (i.e. an electric
current). The discovery of the photovoltaic effect in 1839 is generally credited to the French
physicist Edmond Becquerel. In 1953, the Chapin-Fuller-Pearson team, building on earlier
Bell labs research on the PV effect in silicon, produced ‘doped’ silicon sliced that were much
more efficient than earlier devices in producing electricity from light. In 1958, however, solar
cells were used to power a small radio transmitter in th.c second US space satellite, Vanguard 1.
Following this first successful demonstration, the use of PV as a power source for spacecraft has
become almost universal. Rapidly progress in increasing the efficiency and reducing the cost of
PV cells has been made over the past few decades [1]. Their terrestrial uses are now widespread.
PV modules provide an independent, reliable electrical power source at the point of use, making it
particularly suited to remote locations. Today, PV systems have an important use in areas remote
from an electrical grid. They provide power for water pumping, lighting, vaccine refrigeration,
telecommunications and many other applications. European Commission [2] reported that
in 2005, the PV industry continued its impressive growth and delivered worldwide some
1,700 mega peak watts (MWp) of PV generators. In the past 5 years, the average annual world
growth rate was above 40%, making the further incrcase of production. An investment report
published in 2004 by Credit Lyonnais Security Asia forecasted that the PV sector had a realistic

potential to expand from $ 7 billion in 2004 to $ 30 billion in 2010.



1.1.1 PV module components

PV systems are essentially divided into two major parts: the PV modules and the
balance of system. The PV module includes solar cells, electrical connections and packing as
shown in Figure 1.1; Table 1.1 describes the PV module components. The balance of system
includes components for managing the power provided by the cells, either storing it for later use
in a battery system, or adapting the power to a form that can be interfaced with the existing
electric grid, or often both [3].

There are currently two major types of solar modules: conventional (e.g.
monocrystalline, polycrystalline silicon and gallium arsenide (GaAs) compound semiconductor)

and thin-film (i.e. amorphous silicon).

Cover glass

Solar cell

Encapsulant

Substrate
Backing sheet
Seal

Gasket

Frame

Figure 1.1 Schematic of flat plate PV madule components [3].

Table 1.1 Description of PV module components [3]

Subcomponent | Description —I

Solar Celi A PV cell is any device that transforms light energy directly onto electric
energy. Current cells consist primarily of a semiconductor material, in which

photons are absorbed from the incoming light to create free electron.

Top Surface The top surface, usually glass or transparent plastic, allows light to enter the
cell, while protecting the delicate cells from damages. It often has an

anti-reflection coating as well, to increase the fraction of light transmitted.

Encapsulant An encapsulant is used to provide adhesion between the solar cell, the top

surface and the rear layer. It should be stable at elevated temperatures and high

UV exposure as well as optically transparent and low thermal resistance.




Table 1.1 (cont.)

Subcomponent | Description

Rear Layer The rear layer protects the back surface of the module, and prevents water and

gases from entering the module.

Electrical Metal conductors carry electrons out of the cells, connecting the cells in the
Connection module in series or parallel, and carry electricity out of the module.
Frame The frame adds structure to the module, and can attach to the mounting

structure.

Sterzinger and Svrcek [3] estimated the components cost of PV module which includes 67.5% of
solar cells, 8.9% of electrical connection and 23.6% of module packing which consists of the top

surface, encapsulant, rear layer and frame.

1.1.2 PV encapsulant

The encapsulant is necessary for electrical isolation, mechanical protection of
the solar cells, and corrosion protection of the metal contacts and interconnection system for more
than 20 years of outdoor exposure in even the most severe terrestrial climate [4]. It must have a
high transmission in the wavelengths which can used by the solar cells in the PV module. For
silicon solar cells the top surface and encapsulant must have high transmission of light in the
wavelength range of 0.35 to 1.1 pm. The specifications of encapsulant material are represented in
Table 1.2. Nowadays low cost solar cells are developed then the encapsulation materials will
become a dominant cost in a finished PV modules especially in the thin film PV manufacturing.

Ethylene vinyl acetate (EVA) copolymer is the most commonly used for PV
modules encapsulant because of it is high cohesive strength, excellent adhesion to a wide range of
substrates, high transparency;, weatherability, and can be processed by dry-film lamination
method. EVA comes in thin sheets which are inserted between the solar cells, the top surface and
the rear layer. This sandwich is then heated to 150°C to crosslink the EVA and bond the module
together.

A major source of EVA resin is Elvax 150™, manufactured by DuPont. Two
widely used EVA films are designated by Springborn Laboratories as A9918P and 15295P grades
[s].




Table 1.2 Encapsulant material specifications [4-5]

1. Total hemisphere light transmission through a 20 mils > 90% of incident
thick film integrated over the wavelength range

from 400-1,100 nm

2. Gel content of crosslink film ‘ 80-90%

3. Glass transition temperature <-40°C

4. Hydrolysis, Hazing or clouding None at 80°C, 100% RH

5. Water absorption <0.5 %wt at 20°C/100% RH
6. Resistance to thermal oxidation Stable up to 85°C

7. UV absorption degradation None at wavelength>350 nm
8. Mechanical creep None at 90°C

9. Tensile modulus as measured by the initial slop of <20.7 MPa (<3 kpsi) at 25°C

a stress-strain curve

10. Odor, human hazards (toxicity) None

PV modules manufacturers in Thailand have to import all amount of EVA films.
The total cost of PV modules and installations are higher than other electricity sources. Thus, if
we can produce EVA films for PV modules encapsulation using domestic materials and
technology, it will reduce cost and expand our technology in PV modules encapsulant processing.
The trends of development in PV industries are focused on the increasing efficiency of silicon
solar cells and the improvement of processing. The lacks of knowledge and production
technologies are important problems to develop PV industries in Thailand. However, Thailand
petrochemical productions have potential to provide EVA resins for PV modules encapsulant
production. To overcome these problems, the research involves the investigation and
development of EV A-based encapsulant for PV modules is necessary to progress.

The commercial EVA films are made from EVA which contains 33 %wt vinyl
acetate (VA) content (Elvax 150™, DuPont) and some manufacturers use EVA 28 %wt VA
content. However, the domestic EVA resins in Thailand have high vinyl acetate contents up to
28 %wt. Thus, it is practically possible to use this domestic EVA to produce an EVA-based
encapsulant. The study and development of EVA-based encapsulant using domestic EVA resin is

feasible. The properties of the in-house encapsulant have to meet the encapsulant’s specification

as well.



1.2

1.3

1.4

1.5

Objectives

1. To investigate the knowledge of encapsulation materials for PV modules.

2. To develop EVA-based encapsulant using domestic raw materials for the purpose of
cost reduction.

Scopes of the study

1. Study and develop the suitable formula for domestic EVA-based encapsulant.

2. Determine the significant physical properties of domestic EVA-based encapsulant.

3. Determine the crosslinking reaction and its parameters.

Research methodology

1. Study formulations, properties and processing of widely used EVA-based
encapsulant.

Literature reviews.

Compound and produce EVA film using domestic EVA resins.

Determine the crosslinking characteristics and its parameters.

Modify the formula of domestic EVA-based encapsulant.

AN O T ol

Determine the significant physical and chemical properties of domestic EVA-based
encapsulant.

7. Conclude the results and write a report.

Outcomes of this work

1. The suitable formula for domestic EVA-based encapsulant for PV modules.

2. The EVA film which reaches the encapsulation materials requirements.



Chapter 2

Theory and Literature Reviews

2.1 Ethylene vinyl acetate copolymer [6-7]

‘Ethylene vinyl acetate (EVA) copolymers are characterized by the structure shown in
Figure 2.1. These copolymers randomly consist of ethylene monomers and vinyl acetate
monomers. EVA copolymers typically contain between 3 %wt and 40 %wt vinyl acetate contents.
The low vinyl acetate content copolymers possess properties closely related to those of

low density polyethylene. The higher vinyl acetate copolymers look more like gum rubber.

forofor .

C
H3C/ %0

Figure 2.1 Structure of Ethylene vinyl acetate copolymer.

EVA copolymers have low crystallinity becavse the acetate branches interfere with
crystallization. These resins are characterized by increased flexibility and resilience over a wide
temperature range and by improved clarity.

The properties of EVA copolymers are defined by the comonomer content and the melt
flow index (MFI). Increment of vinyl acetate contents increase flexibility, impact strength, low
temperature properties and filler acceptance as well as adhesion, on the other hand it decreases
crystallinity and melting point. Reducing the molecular weight of EVA copolymers increase MFI
and wettability, conversely the mechanical properties and hardness are dropped [6].

Accelerated tests have shown that EVA copolymers resist degradation by weathering
better than conventional polyethylene. However, chemical resistance and barrier properties of
EVA copolymers are inferior. EVA copolymers accept high degrees of filler loading without
serious degradation of their physical properties.

In general, EVA copolymers are used in areas where flexibility, resilience, clarity,
toughness, compatibility, and excellent adhesion on various substrates. The applications are

packing films and sheets which can be coextruded and laminated, injection-molded items include



shoe soles, small appliance bumpers, canister gaskets, and automobile mud flaps. Moreover, EVA

copolymers are used for wax blending and adhesives [7].

2.2  EVA-based encapsulant formulations and processing [4-5]
2.2.1 EVA-based encapsulant formulations

EVA is the most commonly used for encapsulant material because of their
appropriate properties that mentioned above. The formulations of EVA-based encapsulant are
developed by Springborn Laboratoties, USA [4-5]. The main compositions can be divided into
three groups: the EVA resins, curing agent (i.e. organic peroxide) and other additives. Table 2.1
shows the composition of Springborn Laboratoties’ A9918P and 15295P formulations. A9918P is
the standard cure grade, which used dialkyl peroxide type as curing agent, which has cure time
approximately 25 minutes. The fast cure grade 15295P used peroxyester peroxide type which can
be cured in 7 minutes. Other additives are UV absorber, UV stabilizer, antioxidant and silane

coupling agent.

Table 2.1 Springborn Laboratoties’ A9918P and 15295P formulations [5]

Composition Parts [phr]
Ethylene vinyl acetate copotymer (EVA) 100
2,5-Bis(tert-butyldioxy)-2,5-dimethyhexane (peroxide) / for A9918P 1.50
0O-t-Butyl-O-(2-ethylhexyl )-mono-percarbonate(peroxide) for 15295P 1.50
2-Hydroxy-4-octoxybenzophenone (UVA) 0.30
Bis(2,2,6,6-tetramethyl-4-piperidinyl) sebacate (HALS) 0.10
Tris(Nonylphenyl)phosphite (4Antioxidant) 0.20
'Y-methacryloxypropyl trimethoxy silane (silane) 0.25

2.2.2 EVA encapsulant processing
The encapsulant is made by first mixing EVA pellets with the ingredients and
then compounded using extruder as uncured sheets at a die temperature that is low enough to
preclude initiating the curing reaction (i.e. crosslinking reactions). Figure 2.2 shows the flow
chart of the EVA sheet encapsulant processing. The typical thickness of an extruded, uncured

EVA sheet is about 0.46 mm (18 mils). These uncured EVA sheet must store in the controlled




condition room to prevent the self-decomposition of curing agents. Then laminating and curing
this encapsulant using the vacuum lamination machine with temperature 150-160°C. The curing
time depends on curing agent decomposition temperature. No bubbles formed during these

processes are required.

Mixing: EVA + Additives at room temperature ; ‘ Compounding: Temperature ~ 90°C

| [

= e N e g

Lamination: Temperature ~ 110-120°C E - Extrusion: uncured EVA film
RS N e Ty T e zm&cwm‘i‘:
l_ Temperature < 110°C

Cu

i LSE

ring: Temperature

Figure 2.2 Flow chart of EVA sheet encapsulant processing.

2.3 Organic peroxides [8-10]
2.3.1 Organic peroxide compounds
Organic peroxides are compounds that possess one or more oxygen-oxygen

(R-OO0-R) bond. The organic peroxide general formula is:
R'-0-0-R? or R'~0-0-R’-0-0-R’

where R' and R’ can be aryl, alky! or acyl groups and R’ can be aryl, alkyl or eater groups.
Organic peroxides are acting as free radical source. Their thermal decomposition
generates very active peroxy free radicals capable to abstract hydrogen atom from the polymer
backbone, particularly for polymer containing aliphatic CH, units. The macroradicals can then
recombine to create branching and crosslinking.
There are seven major classes of organic peroxides: diacyl peroxides,
peroxydicarbontes, peroxyesters, peroxyketals, dialkyl peroxides, hydroperoxides and ketone

peroxides [8-9].



The use of organic peroxides can be broken down into three categories:
B Polymerization of plastic materials and polymer modification.
®  Crosslinking of rubber and polyethylene.

B Curing of unsaturated polyester resins.

2.3.2  General peroxide selection
To find application in the crosslinking of polymers, organic peroxide must

satisfy the following conditions [10]:

® 1t must be safe to handle during transportation, storage and processing.

® [t must be compatible with the polymer to facilitate dispersion.

® It must be stable enough to avoid premature crosslinking at compounding
temperature.

®  The peroxide and its decomposition products must be non-toxic and meet
the requirement of industrial hygiene.

n

It should react in such a way that the crosslinking is the only modification to
the polymer that occurs.

The important considerations when selecting organic peroxide for crosslinking
reaction are active oxygen content, half-life temperature, minimum cure time, SADT
(Self Accelerating Decomposition Temperature), maximum storage temperature and free radical
energies.

2.3.2.1 Active oxygen content

Organic peroxide contains a certain amount of active oxygen which is
generally between 2 and 12%. This is a good indication of the expected activity of peroxides of
the same family. It is defined as the percentage ratio between the atomic mass of oxygen in each
0-O bond and the molecular weight of the peroxide.

For example, Dicumyl peroxide (DCP) has one O-O group and a molar mass of 270.37; its
peroxide content is 40%, so its active oxygen content will be:

1x16
270.37

x0.40x100 =2.37%

The molecular weight of oxygen is 16. The most common analytical method used for its

determination is iodometric.
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2.3.2.2 Half-life temperature

The half life of peroxide at any specified temperature is the time
required at that temperature to affect a loss of one half of the peroxide’s active oxygen content.
Because the efficiency of a free radical initiator depends primarily on its rate of thermal
decomposition, half-life data is essential for selecting the optimum initiator for the specific time-
temperature applications. Peroxides half-life data are generated by studying their thermal
decomposition in various solvents at low concentrations. In general, this half-life data is useful to
express this stability in terms of 1 minute, 1 hour and 10 hours half-life temperatures, i.e., the
temperatures at which 50% of the initiator has decomposed in 1 minute, 1 hour and 10 hours,
respectively. In a crosslinking application, the loss of peroxide coincides with gains in C-C
linkages.

2.3.2.3 Minimum cure time

When crosslinking polymers, it is important to adjust the time-
temperature profile to ensure ten half-lives of peroxide decomposition. One half-life of peroxide
decomposition results in 50% of the original peroxide decomposing. This would relate to a 150
[min] on a rheometer cure curve or the time to attain 50% of the final cure. .90 [min] relates to
approximately four half-lives of peroxide decomposition, wherein approximately 90% of the
peroxide is decomposed. The minimum cure time for crosslinking operations shculd bel0 times
of the half-life time.

2.3.2.4 Self accelerating decomposition temperature (SADT)

SADT is the lowest temperature at which peroxides in its largest
shipping container undergoes self accelerating decomposition. One should know this temperature
and respect it. This test is carried out in a large, temperature-controlled oven over seven days, and
looks for any activity in the peroxide. If nothing happens in seven days, then the test is repeated at
temperatures five degrees higher. If the peroxide undergoes a noticeable decomposition within
seven days, the temperature is dropped five degrees.

2.3.2.5 Maximum storage temperature (MST)

This maximum storage temperature at which a peroxide should be
stored ensures that no significant loss in peroxide assay occurs in six months. The MST is related
to the quality of the product and the process. Room temperature is the primary requirement for

peroxide used in the polymer crosslinking industry.



11

2.3.2.6 Energy of peroxide free radicals
Peroxides generate free radicals. The types of free radicals, their energy
level, and the half-life of the peroxide itself are very important considerations when choosing a
peroxide for a crosslinking, polymer modification, or grafting operation. Free radicals produced
peroxides can have different energy level, which affects peroxide performance when crosslinking
by hydrogen abstraction versus addition to a double bond. A list of hydrogen bond dissociation

energies for various radical fragment precursors is provided in Table 2.2.

Table 2.2 Bond Dissociation Energies (BDE) [9]

Precursor BDE [kJ/mol] Description
(R)3 C-H 381.2 More stable, weak radicals
(R)2 CH-H 405.8 Poor hydrogen abstractors
RCH, -H 418.2 More discriminate
CH, -H 439.1 Good hydrogen abstractors
RO-H 439.1 Less discriminate

0O
R-C-00-H 443.9 Stronger radicals
CH,-H 469.0 Less stable

Peroxide radical fragments with energies less than 418.4 kJ/mol are more stable, weak radicals
but are more discriminating in their reactions. Peroxides that generate these types of radicals
provide good activity/selectivity with unsaturation. Radicals with energies greater than
100 kcal/mol are stronger, less discriminating, but provide good crosslinking efficiency because

of hydrogen abstraction capabilities.

2.4  Silane coupling agents [11]

Silane coupling agents are silicon-based chemicals that contain two types of reactivity

(inorganic and organic) in the same molecule. A typical general structure is

(RO),Si-X
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Where RO is an alkoxy group, such as methoxy, ethoxy, or acetoxy, and X is an organofunctional
group, such as amino, methacryloxy, epoxy, etc.

A silane coupling agent will act at an interface between an inorganic substrate (such as
glass, metal or mineral) and an organic material (such as an organic polymer, coating or adhesive)
to bond, or couple, the two dissimilar materials. A simplified picture of the coupling mechanism

is shown in Figure 2.3.

Inorganic Organic
Fiberglass Rubber

Fillers Polymers
Metals Plastics

Figure 2.3 The silane coupling mechanism [11].

When organic polymers are reinforced with glass fibers or mineral, the interface, or the
interphase region between the polymer and the inorganic substrate is involved in a complex
interplay of physical and chemical factors. These factors are related to adhesive, physical
strength, coefficient of expansion, concentration gradieats and retention of product properties. A
very destructive force affecting adhesion is migration of water to the hydrophilic surface of the
inorganic reinforcement. Water attacks the interface destroying the bond between the polymer
and reinforcement but a true coupling agent creates a water-resistant bond at the interface
between the inorganic and organic materials. Silane coupling agents have the unique chemical
and physical properties not only to enhance bond strength but also, more importantly, to prevent
de-bonding at the interface during composite and use. The coupling agent provides a stable bond
between two otherwise poorly bonding surfaces. In composites, a substantial increase in flexural
strength is possible through the use of the right silane coupling agent. Silane coupling agents also
increase the bond strength of coatings and adheésives as well as their resistance to humidity and
other adverse environment conditions.

Other benefits silane coupling agents can provide include:

B Better wetting of inorganic substrates

®  [ower viscosities during compounding

B Smoother surfaces of composites

B Less catalyst inhibition of thermoset composites
]

Clearer reinforced plastics
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2.4.1 Silane bond to inorganic substrate

Silane coupling agents that contain three inorganic reactive groups on silicon
(usually methoxy, ethoxy or acetoxy) will bond well to the metal hydroxyl groups on most
inorganic substrates, especially if the substrate contains silicon, aluminum or a heavy metal in its
structure. The alkoxy groups on silicon hydrolyze to silanols, either through the addition of water
or from residual water on the inorganic surface. Then the silanols coordinate with metal hydroxyl
groups on the inorganic surface to form an oxane bond, so called siloxane (Si-O-Si bond) and
eliminate water. It is demonstrated in Figure 2.4 and 2.5.

Silane molecules also react with each other to give a multimolecular structure of
bound silane coupling agent on the surface. More than one layer or monolayer equivalents of
silane is usually applied to the surface. This results in a tight siloxane network close to the

inorganic surface that becomes more diffuse away from the surface.

Hydrolysis RSI(OCH,) 5
H,0 — l CH,0H
Condensation RSI(OH) 5

il
HO-SII-O-S'I—OGII-OH
o O O
| e
H H H

Figure 2.4 Hydrolysis of alkoxysilanes [11].
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Figure 2.5 Silane coupling agent bond to an inorganic surface [11].
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2.4.2 Silane bond to polymer
The bond to the organic polymer is complex. The reactivity of a thermoset
polymer should be matched to the reactivity of the silane. For example, an epoxysilane to
aminosilane will bond to an epoxy resin; an aminosilane will bond to a phenolic resin; and a
methacrylatesilane will bond through styrene crosslinking to an unsaturated polyester resin. With
thermoplastic polymers, bonding through a silane coupling agent can be explained by inter-
diffusion and inter-penetrating network (IPN) formation in the interphase region as shown in

Figure 2.6.

Chemically Ditfuse

Bonded Interface Interphase

@ coupling Agent () Polymer

Figure 2.6 The inter-penetrating network (INP) bonding structure [11].

The ease of processing and the simple equipment required make the preferred method of
producing crosslinked ethylene polymer and copolymers. The process also allows crosslinking to
be delayed until after grafted product is transformed into its final product configuration. Using the
same silanes, it is also possible to copolymerize the vinyl silane with ethylene monomer to make
trialkoxysilyl- functionalized polyethylene. This then can be crosslinked in the same manner as
the graft version.

Silane-crosslinked polyethylene is used for electrical wire and cable insulation
and jacketing where ease of processing, increased temperature resistance, abrasion resistance,
stress-crack resistance, improved low-temperature properties and retention of electrical properties

are needed. Other applications for this technology include:

®  Cold- and hot-water pipe where resistance to long-term pressure at elevated temperature is
essential and natural gas pipe with good resistance to stress cracking

®  Foam for insulation and packing with greater resiliency and heat resistance

n

Other product and process types, such as film, blow-molded articles, sheeting and

thermoforming
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2.5  Crosslinking reaction mechanisms
2.5.1 Free radical polymerization [12]
The basic steps in free radical polymerization are initiation, propagation, chain
transfer, and termination [12].
Initiation
Initiation can be achieved by adding a small amount of a chemical that
decomposes easily to form free radicals. Initiators can be monofunctional and form the same

radical or they can be multifunctional and form different radicals.

kO
IL,——>2] 2-1)

For monofunctional initiators the reaction sequence between monomer M and initiator 7 is

k.
I+M—L5R 2-2)

Propagation

The propagation sequence between a free radical R, with a monomer unit is

R.+M—P sp. (2-3)
j j+1

The specific reaction rates k, are assumed to be identical for the addition of each
monomer to the growing chain. This is usually an excellent assumption once two or more
monomers have been added to R,. The specific reaction rate £ is often taken to be equal to k.

Chain transfer

The transfer of a radical from a growing polymer chain can occur in the
following ways:

1. Transfer to a monomer:

k
R,+M—" P +R (2-4)
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Here a live polymer chain of j monomer units transfer (RJ.) its free radical to the

monomer to form the radical R, and a dead polymer chain of j monomer units (PJ.).

2. Transfer to another species:

k
R, +C—<—P +R (2-5)

3. Transfer of the radical to the solvent:

k
R,+S—25P +R (2-6)

The specific reaction rates in chain transfer are all assumed to be independent of
the chain length. It also notes that while the radicals R, produced in each of the chain transfer’
steps are different, they function in essentially the same manner as the radical R, in the
propagation step to form radical R,.

Termination

Termination to form dead polymer occurs primarily by two mechanisms:

1. Addition (coupling) of two growing polymers:

R, + R, ey P @7

2. Termination by disproportionation:

k

R+R —d sp+p (2-8)

2.5.2 Organic peroxide crosslinking reaction [8-9, 13-14]

Crosslinking reaction starts at high temperatures, and it brings to the formation
of a three dimensional network by creating bonds between the polymer chains. Peroxide
crosslinking may happen typically in a temperature range varying from 110 to more than 200°C
and leads to carbon-to-carbon bonds creation by hydrogen abstraction from the polymer chain.
Mishra et al. [14] summarized the scheme of the crosslinking reaction initiated by the thermal

decomposition of organic peroxide can be given in the following form:
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Step 1: Thermal decomposition of organic peroxide
Organic peroxides can be decomposed by thermal decomposition reaction. One
molecule of peroxide produces two or more free radicals (RO*). These free radicals are initiator

of crosslinking reaction.
kO
R-0-0-R —2—2(RO*) (2-9)

Step 2: Hydrogen abstraction with radical formation on the polymer chain
(Initiation)
Free radicals react to hydrogen atom on polymer chain by hydrogen abstraction

to produce the free macroradical (([CH,HC*] ) and generate alkyl alcohol (R-OH) as by product.

k.
RO*+ [CH‘,ZCH2 ]n -t [CHZHC *]n +R-OH (2-10)

Step 3: Crosslinking reaction by macro free radical recombination
(Propagation)

Recombination of free macroradicals causes the crosslinked polymer chains. The
crosslinking reaction creates the three dimension network of polymer bulk. The C-C bonds are

rigid structure which increases the mechanical properties of crosslinked polymer.

[CHZHC *]n +f CHCHZ]m——ID—D—»[CHzHC] —[CHCH?_] (2-11)
n m

Furthermore, free radicals can be disproportionate to produce other types of free
radicals, so-called the secondary free radicals, or by-products. Then the secondary free radicals
itself step towards the propagation and termination, respectively.

Four classes of organic peroxides are use commercially for crosslinking and
polymer modification [8-9] including diacyl, peroxyester, peroxyketal and dialkyl peroxides.
The most common peroxide used in the crosslinking industry has traditional been the dialkyl
class.

Thaworn et al. [13] illustrated the mechanism of EVA crosslinking reaction with

Dicumyl peroxide (DCP, dialkyl class) as shown in Figure 2.7.

001938



DCP crosslinking mechanism

1.thermal decomposition of DCP
W i
—0—0— —_— -0
O-g—o—o-0 2050
CH, CH, CH

Dicumylperoxide (DCP) cumyloxy radical (free radical)

2a. hydrogen abstraction by the cumyloxy radical from polyethylene chain

?H, fH,
.
Q—IC—O + AMACHCHAMN e e O-—?—OH + /VV‘—CHZC.H—'VV\
CH, CH,

cumyl alcohol

3a.disproportionation of cumyl alcohol to methyt styrene and water

CH, c
Q—%—-on ——— O +HO
CH,

methyl styrene

2b. disproportionation of the cumyl! radical to acetophenone and methyl radical

?H; f“;
O ——» O-co+e
CH methyl radical
g acetophenone

3b. hydrogen abstraction by the methyl radical from polyethylene chain

CH, + AMV—CHCHAM =i (H, + ~"~CHCH-WA
L] L]

4, combination of polyethylene chain radicals with the formation of a crosslink

AM-CH,CH A
NV‘—CHICH “AAA 4+ NV‘-CHZCH —AAA — l
¢ * A~CH CH-AA

Figure 2.7 Crosslinking with organic peroxide mechanism [13].
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2.5.3 Silane Crosslinking Reaction [11, 13, 15-16]

Although polymers such as EVA are readily crosslinked by treatment \.vith
organic peroxides, the moisture curing of silane crosslinking provides unique advantage in terms
of processing and product quality. The dimensional accuracy of moisture curing is superior to
peroxide-based processes and the density of the crosslinked product is generally higher.
Moreover, the structure of siloxane bridges (Si-O-Si bond) is less rigid than C-C bonds and gives
flexibility to the crosslinked polymers. J. S. Parent et al. [15] and V. Bounor-Legaré et al. [16]
suggested that the crosslinking can take place either in two steps (i.e. grafting and then moisture
crosslinking) or through a simultaneous exchange between two alkoxide groups of one silane
molecule with two pendant ester groups belonging to two different EVA chains. The limitation of
the collision probability between ester groups of EVA and silane as the crosslinking density
increases may contribute to decrease the speed of the reaction and so to reach the observed

plateau on conversion-time curve.

The two major reactions occur during the silane crosslinking are:

1. Grafting reaction (Propagation)

There are two general sites for macroradical generation; one is on the main chain
of the polymer and another site is on the pendant ester groups. For EVA, it can be generated
macroradicals on ethylene main chain and acetyl groups via the peroxide thermal decomposition
and propagation. On the main chain radical site, there are four expected modes of reactivity:
silane grafting, disproportionation (to introduce unsaturation), combination (to introduce
crosslinking), and B-scission. Another radical site on the acetyl group has its expected reactivity
modes reduced to only silane grafting or combination.

2. Moisture crosslinking reaction (Termination)

The grafted polymer main chain and the grafted pendent ester groups are
crosslinked in the presence of water (moisture crosslinking) generally catalyzed by tin compound
as a precursor or other suitable catalysts. In addition, there are well-suited silanes without
precursor required for moisture crosslinking. It depends on conditions of crosslinking process.

For example, the mechanisms of EVA crosslinked with g-methacryloxy propyl

trimethoxysilane as already explained in a previous study {13] shown in Figure 2.8.



20

v-methacryloxypropyl trimethoxysilane crosslinking mechanism

1.thermal decomposition of DCP

o, CH, CH,
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CH, CH, CH,
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Figure 2.8 Crosslinking with silane coupling agent mechanism [13].
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Figure 2.8 (cont.) Crosslinking with silane coupling agent mechanism [13].
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2.6 Crosslinking characteristics [9, 17-19]
2.6.1 Moving die rheometer (MDR).

The curemeter is one of the most versatile equipment for researcher and
development, production control and quality control work on polymeric materials. It is a
laboratory tool often used to predict processing behavior and to simulate realistic-use conditions.
The Oscillating Disc Rheometer (ODR) is one type of curemeters. ODR machines establish the
change in compound stiffness by monitoring the change in torque when shearing a polymer
sample between a biconical disc and an accurately temperature-controlled cavity. The concept of
a rotational test was carry-over from the Mooney-type machine (a rotational shearing-disc
viscometer), and a full cure curve can be obtained due to oscillatory movement of the disc. Even
though ODRs have been used worldwide, the ODR itself has a design flaw which involves the use
of the ODR disc itself. The heat sink of ODR disc and poor quality of torque signals measured
through the shaft of the rotor as well as the lack of barrier film using are major problems. These
problems were greatly reduced with the introduction of new rotorless curemeters such as the

Moving Die Rheometer [9, 17].

15295P 150°C 30 min

Figure 2.9 Moving Die Rheometer (MDR) model MDR 2000 (Alpha Techonologies).

In a MDR instrument, the lower die oscillates sinusoidally, applying a strain to
the specimen which is contained within a sealed, pressurized cavity. The upper die is attached to a
reaction torque transducer which measures the torque response. This design greatly improves the

test sensitivity measurement so that real changes in a compound can be detected faster. Also,



23

because there is no rotor, the temperature recovery of the test specimen is less than 30 seconds,
compared to approximately 4 to 5 minutes for the older ODR design. Moreover, barrier film can
be used with rotorless curemeters which greatly reduces clean-up time.

With the MDR according to ASTM D 5289 [9, 18-19], two curves are produced
during cure. The elastic torque (S°) is the traditional cure curve which is more commonly used as
an indication of cure state. The formation of crosslinks from the vulcanization process causes
elastic torque to rise. The viscous torque (S”) curve is a second curve generated simultaneously.
This relates to the pure flow characteristics of the polymer and commonly uses to calculate real
dynamic viscosity.

Figure 2.10 shows the typical cure curves of elastic torque including plateau,
reversion and marching types. The curve in Figure 2.10a represents a cure that forms a perfect
plateau. The compound in this category reaches the ultimate state of cure (ultimate crosslink
density). The curve in Figure 2.10b illustrates the reversion cure. Natural rubber formulations are
one example of compounds that will revert if the cure temperature is high enough. Lastly, Figure
2.10c shows a curve that marches or has marching modulus. It continuously increases in hardness
and never does fully plateau. Hereby M, is the minimum torque while M., M,; and M, are the

maximum torque of cure that plateaus, reverts and marches, respectively.

2.6.2 Cure time

Cure time refers to the amount of time required to reach specified states of cure
at a specified cure temperature. The ¢ X is simply the time to reach a given percent x state of cure

which is illustrated in Figure 2.11. The 7 X is calculated as follows:

tx is the time to produce torque (7) = (x/100) » (M- M) + M (2-12)
Where M, = minimum torque [dN*m]
M, = maximum torque [dN°m]
X = percent state of cure
tX = time to a given percent (x) state of cure

For example, 1 90 is time required to reach 90% of the state of cure.
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Figure 2.10 Typical cure curves of elastic torque.
a. Cure to equilibrium torque;
b. Cure to a maximum torque with reversion;

c. Cure with continuously increasing torque.
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Figure 2.11 Illustration of the calculation of z.10 and ¢ 90.

2.6.3 Curerate
Cure rate is the speed at which a compound increases in modulus (crosslinking
density) at a specified cure temperature. The maximum cure rate is the slope of the tangent line at

the inflection point on the cure curve while the Cure Rate Index is calculated as follows:
Cure Rate Index = 100 / (Cure Time — Scorch Time) (2-13)

The use of this index can select preferred cure and scorch times, such as 790 and ¢.1.

MDR scorch time is usually defined as the time until one torque unit rise above
the minimum is achieved (¢,1) when 1° arc strain is applied. Also, through the computer software
used today with MDR, it is relatively easy to calculate time to 10% state-of-cure (¢£.10). This cure
time £.10 also relates to scorch. The parameter ¢.10 may have an advantage over &1 because it is

not based arbitrarily on a one torque unit rise. Hence, the Equation 2-13 can be rewritten to:

Cure Rate Index = 100/ (1.90 - 1.10) (2-14)
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2.7 Isothermal Isoconversional Kinetic Analysis [12, 20-23, 39]

There is not a direct method to measure the conversion during the crosslinking reaction
occurred. The gel content measurement was used to estimate the conversion but this method used
organic solvent to dissolve the crosslinked sample and took long time to operate. So, the MDR
method was applied to investigate the real-time crosslinking reaction. Although this method
resulted as torque-time data, these outputs did not directly relate to their conversion. Thus, Dick
and Pawlowski [20] had developed an equation to estimate the conversion from cure curves data

as shown in Eq. (2-15).

G T -M
o, =t EL(I L)\ (-15)
Co Mpy-M,|
where &, = conversion at any given time
C, = concentration of crosslinks at time ¢

Coo = final concentration of crosslinks (¢->00)

T, = torque at time ¢ [dNm]

X
I

- minimum torque [dNm]

X
I

maximum torque {dNm]

In general, the cure kinetic analysis of polymer [12] can be described by Eq. (2-16)
da
2 —kf(a (2-16)
” kf ()

where k is the reaction rate constant, f{a) is the reaction model, « is the degree of conversion and

t is the time. Integration the above equation gives the integral rate law as follows:
gla)=kt (2-17)
where g(a) is the integral reaction model. These equations called the traditional model-fitting

methods. The temperature dependence of the rate constant is usually described by the Arrhenius

equation;
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k=Aex -
p( RT

) (2-18)

where A is the pre-exponential (frequency) factor, E_ is the activation energy, T is the absolute
temperature and R is the gas constant. Substituting Eq. (2-18) in the above two rate expressions

gives

do -k
—=4 a a 2-19
. €xp RT Jf( ) (2-19)
7 a
=A t 2-20
g(a) exp RT (2-20)

Model-fitting methods involve two fits: the first determines the model that best fit the
data (Eq. (2-17)) while the second determines specific kinetic parameters such as the activation
energy and frequency factor using the Arrhenius equation [21]. These methods are obviously used
in kinetic analysis. However, the polymer crosslinking reactions are complex mechanisms which
would not easily assume the best-fit model to describe whole reactions. So, the isoconversional
(model-free) methods [21-23] were developed for calculating the activation energy. The
activation energy from the model-free methods called the effective activation energy (£, ) [39]
as a parameter measured from a temperature dependence of the overall reaction rate.

The model-free methods calculate the effective activation energy values at progressive
degrees of conversion without any modelistic assumptions. The standard model-free method is

based on taking the natural logarithm of Eq. (2-20) giving

E
—lnta=ln( 4 )—- aeff (2-21)
g(a) RT

where /£ is time at given conversion (i.e. fa.,, is time at 10% conversion) and E, . is effective

activation energy. A plot of —In f, versus 1/T at each & (e.g. @ = 0.1-0.9) yields E, , (from the
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slope) for that a regardless of the model. Friedman’s method [21] is based on taking the natural

logarithm of Eq. (2-19) giving

da a Ta.eff i}
In [d ) In(Af () - 2T (2-22)

a
A plot of In (da/dty) versus 1/T at each a (e.g. &= 0.1-0.9) yields E, ,(from the slope) for that

aregardless of the model as well.

2.8  Gel content [24-25]

The gel content or insoluble fraction produced in ethylene plastics by crosslinking can be
determined by extracting with solvents such as decahydronaphthalene or xylene
(ASTM D 2765-90). The extraction test method was described herein. It is applicable to
crosslinked ethylene plastics of all densities, including containing fillers, and all provides
corrections for the inert fillers present in some of those compounds [24].

In general, specimens of the crosslinked ethylene plastic are weighed and then immersed
in the extracting solvent using reflux apparatus (Figure 2.12) at the temperature specified by the
procedure selected and for the time designated by that procedure (extract the specimen for 6 hours
in decahydronaphthalene or for 12 hours in xylene). After extraction, the specimens are removed,
dried and reweighed as directed. The amount of material extracted is calculated. The gel content

can be calculated [25] by Eq. (2-23).

(2-23)

Gel Content[%] = (welght of undissolved content) <100

original weight of sample

Figure 2.12 Reflux apparatus.
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2.9  Light Transmission
2.9.1  Solar radiation [26-27]

Light or electromagnetic radiation can be divided into several bands or
categories each defined by a specific wavelength range. Solar radiation is the naturally occurring
radiation that reaches the earth’s surface. It includes visible light as well as ultraviolet and
infrared light as shown in Figure 2.13.

The sun emits almost all of its energy in a range of wavelength from about
200 to 4,000 nm [26]. Most of this energy is in the visible light region (400-700 nm). Each
wavelength corresponds to a frequency and energy: the shorter the wavelength, the higher the
frequency and the greater the energy (which is expressed in electron-volts or eV). Red light is at
low-energy end of the visible spectrum and the violet light is at the high-energy end, where it has
half again s much energy as red light. In the invisible portions of the spectrum, radiation in the
ultraviolet region (200-400 nm), which causes the skin to tan, has more energy than that in the
visible region. Likewise, radiation in the infrared region (700-2,200 nm), which we feel as heat,

has less energy than the radiation in the visible region.

VISIBLE
Wavelength [m|
0? e 107 108 w04
) 1 I I H
Ultraviolut Infrared
} 1 1 J
107 10% s 10 30 on
Frequency {Hz;
1 1 1 1 )|
108 102 10! 100 10! 10?
Photon energy (eV)
SOLAR
RADIATION

Figure 2.13 The solar radiation spectrum {26].

The intensity of the solar radiation [27] that penetrates the atmosphere and
reaches the earth varies considerably, depending on the altitude, ozone levels, concentration of
water vapor, carbon monoxide, dust and other types of contamination. The approximate relative
distribution of solar energy at mean noon sea level sunlight presents that the ultraviolet band
accounts for approximately 3% of the total solar energy, whereas the visible band accounts for

45% and the infrared band accounts for 52%.
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Solar cells respond differently to the different wavelengths, or colors, of light.
For example, crystalline silicon can use the entire visible spectrum, plus some part of the infrared
spectrum. But energy in the part of infrared spectrum, as well as longer-wavelength radiation, is
too low to produce current flow. Higher-energy radiation can produce current flow but much of

this energy is likewise not usable.

2.9.2  Principles of absorption spectroscopy [4-5, 28]

The processes concerned in absorption spectroscopy are absorption and
transmission. Usually the conditions under which the sample is examined are chosen to keep
reflection, scatter and fluorescence to a minimum. Ultraviolet and visible spectroscopy is almost
entirely used for quantitative analysis; that is the estimation of the amount of a compound known
to be present in the sample. The sample is usually examined in solution. With solid sample it is
usually found that the material is in a condition unsuitable for direct spectrometry. The refractive
index of the material is high and a large proportion of the radiation may be lost by random
reflection at the surface or in the mass. Unless the sample can be easily made as homogenous
polished block or film, it is usual to eliminate these interfaces by dissolving it in a transparent
solvent.

In PV lamination-packing process, the transparency or light transmission of
encapsulants are considerably important because its transparency has an effect on the module’s
efficiency. UV-Vis spectrophotometer is quite well known for light transmission measurement of

encapsulants [4-5].

Lambert’s Law [28]

Lambert’s Law states that each layer of equal thickness of an absorbing medium
absorbs an equal fraction of the radiant energy that traverses it. The fraction of radiant energy
transmitted by a given thickness of the absorbing medium is independent of the intensity of the
incident radiation, provided that the radiation does not alter the physical or chemical state of the
medium.

If the intensity of the incident radiation is /, and that of the transmitted light is /,

then the fraction transmitted or so-called transmittance T is:

L (2-23)
10
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The percentage transmittance (%7) is:

%T = le 100 (2-24)

0

For example, if a series of colored glass plates of equal thickness are placed in parallel, each sheet
of which absorbs one quarter of the light incident upon it, then the amount of the original
radiation passed by the first sheet is (1 - %)/1 x 100 = 75%.

And by the second sheet is 56.25%, i.e. 75% of 75%, and by the third sheet is 42.19%, i.e. 75% of
56.25%, and by the n” sheet is (0.75)" x 100%.

Beer-Lambert Law [28]

The Beer-Lambert Law states that the concentration of a substance in solution is
directly proportional to the ‘absorbance’ of the solution following Eq. (2-24). When
monochromatic radiation passes through a homogenous solution in a cell, the intensity of the
emitted radiation depends upon the thickness and concentration of the solution. Absorbance in

older literature is sometimes referred to as ‘extinction’ or ‘optical density’.
A=¢eCL (2-24)

Where A is the absorbance, L is the length of the radiation path through the sample, £ is the
extinction coefficient—a constant dependent only on the nature of the molecule and the
wavelength of the radiation.

Mathematically, absorbance is related to percentage transmittance by the

expressions:

A= log,o[li) = log,o(l%) =eCL (2-25)
0

A= logm(l—g‘g) =log,, 100 -log,, T =2-log,, T (2-26)
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2.10 Literature Reviews

The correspondence articles are as follows:

The Jet Propulsion Laboratory (JPL) managed the “Flat-Plate Solar Array (FAS) Project
for the United States Department of Energy. The project objective was to conducted research on
photovoltaic arrays establishing their technical feasibility so then industry could meet a target
price for modules of less than 70 cent per Wpk (in 1980 dollars) and with a minimum service life
time of 20-30 years. Cuddihy et al. [29] noticed four encapsulant candidates including ethylene
vinyl acetate (EVA), ethylene methyl acrylate (EMA), poly-n-butyl acrylate (PnBA) and aliphatic
polyether urethane (PU). EVA was recommended on the basis of reasonable low cost and other
requirements such as elastomeric (thermoplastic) properties, transparency, weatherability and
good module processability. Furthermore, EVA was convenient for dry-film lamination method
which proceeded easier than casting method. The formulation of EVA encapsulation film was
developed and was initially used in the PV industry. The analyses for structure adequacy
identified that the thermal expansion or wind deflection of PV modules could result in the
development of mechanical stresses in the encapsulated solar cells sufficient to cause cell
breakage. However, those stresses could be reduced by increasing the thickness (¢, in unit of mil)
or by using materials with lower Young’s modulus (E, in unit of kpsi). The encapsulant ability to
dampen transmitted stress was directly related to the ratio of its thickness to modulus (#/E).
At a ratio of 4, the solar cell stresses were just at their allowable limit. EVA had
a Young’s modulus of 0.9 kpsi, and then the minimum thickness would be 4-5 mils. The use of an
encapsulant having a higher Young’s modulus would necessitate that the thickness of that
encapsulant was correspondingly increased.

Lewis [30] summarized the requirements of encapsulant material for PV modules that the
encapsulant (or a pottant in old literatures) must be high transparent (> 90% from 400 to 1,100
nm), serving as an optical coupling medium to provide maximum light transmission to the cell
surface. The encapsulant must be very inexpensive ($$ 2.15/m’). Encapsulant material should
have a relatively low modulus (< 2,000 psi at 25°C). The minimum usable encapsulant thickness
could be limited by the green strength of the material itself. The suggested minimum thickness
was about 10-15 mils (1 mil = 0.001 in) to achieve the necessary freedom from flaws for
sufficient electrical insulation properties as well as ease of handling. In general, the film thickness
was nominally 18 mils. The encapsulant material must have a glass transition temperature below

the lowest temperature extreme the PV module might experience, which was about -40°C.
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The materials must remain rubbery in order to damp impacts and vibration of the fragile cells.
Moreover, it must exhibit strongly moisture-resistant adhesion (> 1,750 N/m of peel strength) to
all the surfaces it must bond to, over a 20-years lifetime. Moisture-resistant adhesion was tested
mostly by exposure to 100°C/100% RH. Ten months at these conditions would equal 20 years at
70°C/50% RH, but usually the first week or two would separate the good bond from the poor
ones. Exposure to boiling water for a few hours or overnight was also a good initial screening
technique. The encapsulant must be stable; that is, chemically resistant to oxidation and
hydrolysis unless protected in a heretic package, to reduction by metals, and to outgassing of
dissolved gasses or liquids or decomposition products under normal operating conditions of
-40°C to + 90°C for 20 years. Furthermore, the encapsulant should have a dielectric strength of at
least 400-500 volts/mil, which was typical for unoriented amorphous polymers. A non-softening,
high volume resistivity insulator layer was thus needed to guarantee circuit isolation.

Burger and Cuddihy [31] improved the lamination process. The cure cycle used for
lamination process was evacuation for 5 min, then 25 min of cure. During the 25-min cure, the
first 8-10 min was required to raise the encapsulant temperature to 150°C, where it was
maintained to the end of the cycle. Modules were then removed without being cooled. Modules
fabricated with this cure cycle showed even and complete curing and no bubbles.

Pern [32] studied factors that might affect the net discoloration rate of the two typical
EVA encapsulants (A9918 and 15295) used in crystalline-Si photovoltaic (c-Si PV) modules
upon accelerated exposure. The results indicated that the rate of discoloration was affected by
several factors including (1) curing agent and curing conditions; (2) presence and concentration of
curing-generated, UV-excitable chromophores; (3) UV light intensity; (4) loss rate of UV
absorber: (5) lamination; (6) film thickness and (7) photobleaching rate due to the diffusion of air
into the laminated film. In general, the loss rate of UV absorber and the rate of discoloration from
light yellow to brown followed a sigmoidal pattern. A reasonable correlatior: for net changes in
transmittance at 420 nm, yellow index, and fluorescence peak area (or intensity) ratio was
obtained as the extent of EVA discoloration progressed.

Czanderna and Pemn [4] had provided an overview about encapsulation of PV cells and
modules. A critical review about what is and is not known about using EVA as the encapsulant
material in PV modules was determined. In addition, they elucidated the complexity of the
encapsulation problem and summarized the general problems of polymer stability in a solar

environment. They investigated the general degradation mechanisms of stabilized, cure EVA
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through a series of simulated degradation experiments. Their results indicated that the EVA
discoloration resulted primarily from the formation of polyconjugated C=C bonds (polyenes) by
multistep deactylations and from the presence of o,B-unsaturated carbonyl groups. Furthermore,
acetic acid that was produced by thermal and photothermal decomposition exhibited an
autocatalytic effect on the EVA yellowing.

Klemchuck et al. [5] reported the Springborn Laboratories’ EVA A9918P formulation
which modified A9918 by adding small amount of silane coupling agent. They studied the
discoloration of EVA encapsulant in field-aged solar energy modules. The discoloration had been
found to be due to interactions between crosslinking peroxide and some stabilizing additives, and
was also likely to be due to oxidation of the encapsulant. They suggested that reformulated
encapsulant and the use of cerium-oxide-containing glass as the top cover of PV modules had
dramatically reduced discoloration.

Galica and Sherman [33] developed the faster-curing and flame-retardant EVA-based
encapsulant formulations and conducted an improved technique of cure kinetic measurement by
using Moving Die Rheometer which could be reduced cure time determination about 70% of
ordinary technique (standard gel content test).

Shea and Wohlgemuth [34] concluded that the rate of encapsulant cure might be
accelerated by multiple means. High lamination temperature would dramatically reduce the
curative’s half-life, thereby reducing the time required to achieve an acceptable level of
crosslinking. The employment of acetic acid scavengers and/or peroxide co-agents could lead to
faster curing of EVA-based encapsulants at current or higher processing temperatures.
Formulation of the encapsulant with a more active peroxide that had a shorter half-life versus the
present OO-t-Butyl O-(2-Ethylhexyl) Monoperoxycarbonate (TBEC) curative could speed the
process. Moreover, they compared the selected polymeric candidates for the faster curing
encapsulant system. For screening purposes they weie evaluated versus STR 15295P EVA-based
encapsulant system. Those considered including a number of EVAs ranging from 10-32%wt vinyl
acetate supplied by 4 different supplies; a series of ethylene butyl acrylate (EBA) copolymers
ranging from 7-35%wt butyl acrylate; ethylene methyl acrylate (EMA) copolymers ranging from
10-30%wt methyl acrylate; and ethylene octene copolymers ranging from 20-28%wt octene. In
conclusion, DuPont’s 32%wt vinyl acetate containing EVA was found to offer the most
advantage in optical properties and was generally less expensive that other alternatives identified.

Based upon these measured results, it appeared that only the highest VA content EVAs had the
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desired level of optical transparency for front sheet encapsulant applications. Of the other
ethylene copolymers evaluated, only those of the highest copolymer contents were determined to
have average light transmissions raging from 89-91%, all of which were more costly than the
EVA copolymers. Furthermore, they had developed a new EVA formulation and demonstrated
6 minutes process to achieve adequate cure of PV modules in standard lamination equipment.
Likewise, Agro and Tucker [35] have improved encapsulant/packing materials for thin
film PV. In this phase I, they surveyed the requirements of PV module manufactures. Device
packing represented approximately one half of module production costs. Thus, lower cost packing

as well as faster process and operating temperature below 200°C were needed by manufacturers.



Chapter 3

Research Methodology

This investigation of EVA-based encapsulants can be separated into 2 parts including
compounding process and characterizing their essential properties such as crosslinking
characteristics, cure kinetics, gel content and transparency. Three types of EVA resins were used
in this experiment. The commercial grade EVA which contains 33%wt VA content and domestic
EVA which contains 18 and 28 %wt VA contents were used as received. The data of these EVAs
and additives were listed in Table 3.1-3.4. These EVAs were compounded with organic
peroxides, silane coupling agent and additives by using twin-screw extruder and then sheeting by
two-roll mill. The crosslinking characteristics were studied by a Moving Die Rheometer (MDR
2000) according to ASTM D 5289-97 and the isothermal isoconversional kinetic method was
used to analyze their cure kinetics. In addition, optical property was measured by UV-Vis

spectrophotometer as well as the gel content was tested following ASTM D 2765-90 method.

Table 3.1 Ethylene vinyl acetate (EVA) copolymers data [36-37]

EVA resin

EVA-33 EVA-28 EVA-18
Trade Name EVAFLEX POLENE POLENE
Grade EV 150 MV 1055 N 8083
VA Content [%wt] 33 28 18
Manufacturer DuPont-Mitsui TPI Polene TPI Polene

Chemical Co.,Ltd. (Thailand) (Thailand)

(Japan)
MFI [g/10min] 30 8 23
Tensile Strength [MPa] 8.8 27 24
Vicat Softening 33 49 62
Temperaature [°C]
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Table 3.2 Organic peroxides data [8]

Type Chemical name  Trade name Assay Active Half-life [°C]
Oxygen [%] 10 hr. 1 hr.

Dialkyl Dicumy] peroxide DcCP 39.5-41.5 2.34-2.46 117 137
peroxide
Peroxyester OO-t-Butyl Lupersol TBEC 295 26.2 100 121

peroxide O-(2-Ethylhexyl)
IMONOperoxy-

carbonate

Peroxyketal 1,1-Bis- Lupersol 231 >92 >9.73 9% 115
peroxide (t-Butylperoxy)
3,3,5-trimethyl-

cyclohexane

Table 3.3 Silane coupling agent data [5]

Chemical name Trade name Manufacturer

3-trimethoxysilylpropyl methacrylate DYNASYLAN MEMO JJ-Degussa
Chemicals
(Thailand)

Table 3.4 Other additives data [5]

Chemical name ) Trade name Manufacturer

Hindered Amine Light Stabilizer (HALS) Lowilite 77 Great Lakes Chemical

Bis(2,2,6,6-tetramethyl-4-piperidinyl) sebacate Corporation
(USA)
Ultraviolet Light Absorber Lowilite 22 Great Lakes Chemical
2-Hydroxy-4-octoxybenzophenone Corporation
(UsA)
Antioxidant Naugard P Sigma-Aldrich

Tris(Nonylphenyl)phosphate (USA)
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3.1  Mixing and compounding of EVA compounds

EVA resins were mixed with organic peroxides, silane coupling agent and other additives
at room temperature. Those additives were dissolved in acetone 20 ml before sprayed over the
EVA resins. Then they were compounded by twin-screw extruder (Plasti-Corder PL2100, OHG
Duisburg) with L/D ratio equal to 16.7 (screw diameter 19.7 mm, die diameter 3 mm), screw
speed 20 rpm at given barrels temperature 80°C and die temperature 85°C. Finally, the
compounds were sheeted by two-roll mill at 40°C for 5 min. The compositions of EVA

compounds can be divided into 3 groups:

1. EVA compounds for crosslinking characteristics test

The composition of EVA compounds was presented in Table 3.5.

Table 3.5 Composition of EVA compounds for crosslinking characteristics test [5]

Composition Parts [phr]
EVA resin 100
Organic peroxide 1.50
UV absorber 0.30
UV stabilizer 0.10 A
Antioxidant 0.20
Silane coupling agent 0.25

2. EVA compounds for effect of organic peroxide concentrations test
The organic peroxides were varied as 0.10, 0.15 and 0.20 phr for each compound while

other compositions were used as shown in Table 3.5.

3.2 Crosslinking characteristics measurement

The crosslinking characteristics were measured by a Monsanto Moving Die Rheometer
(MDR 2000, Alpha Technologies) according to ASTM D 5289-97. About 4 g samples of the
respective compounds were tested at temperature ranging from 150-170°C and measuring time 15

min. The torque measured data were collected as real time record. The crosslinking characteristics
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were presented by torque-time cure curves. Cure time (110 and £.90) and cure rate index (CRI)

were calculated following Eq. (2-12) and Eq. (2-14) respectively.

t-x is the time to produce torque (7) = (x/100) « (M,,- M) + M, (2-12)

Cure Rate Index (CRI) = 100/ (.90 — t.10) (2-14)

Where M, = minimum torque [dNm]
M, = maximum torque [dNm]
X = percent state of cure
I X = time to a given percent (x) state of cure

3.3  Determination of activation energy using model-free method

The conversion at any given time can be calculated from the cure curves as follows Eq.

(2-15)
C -M
0 H

Where C; = concentration of crosslinks at time ¢
Co = final concentration of crosslinks (t>w)
7; =torque at time ¢ [dNm)]
M} = minimum torque [dNm]

My = maximum torque [dNm]

After applied Eq. (2-15), the conversion curves can be drawn. Then reaction times were
calculated at conversion ranging from 0.1-0.9 by interpolation. Model-free method was used to
calculate activation energy at progressive degrees of conversion without any modelistic

assumptions. The standard model-free method was presented in Eq. (2-21).

E
—Int =ln( 4 )— a.eff (2-21)
a g(a) RT
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A plot of —In ¢, versus //T at each « yields Ea’eﬁr(from the slope) for that & regardless of the

model.

34  Gel content measurement

After test the crosslinking characteristics, the cured samples were cut and weighed
approximate 1.4-1.5 g. Then put it in 100 m! of xylene at give temperature 110°C, and immersed
to stand for 12 hours. After extraction, the undissolved samples were collected by a 30-mesh wire
cage and dried at 110°C for 8 hours under vacuum. Finally, reweighed the after dried product and

calculated their gel contents using Eq. (2-23).

(2-23)

Gel Content [%]= ( weight of undissolved content) 100

original weight of sample

3.5 Light transmission measurement

The samples for light transmission measurements were prepared by hot compression
machine (Compress machine LP20, Lab Tech Engineering Co., Ltd.). The Teflon mold size was
57 x 5” and Teflon spacer was 0.5 mm thick. The compression was pre-pressed at give
temperature 85°C for 3 min. and then operated at give temperature 150°C for 15 min and cooled
with cool water for 3 min.

The compressed sheets were cut to small rectangular shape and put in paper frames. The
Light transmission was measured by UV-Vis spectrophotometer. F irstly, turned on the instrument
and selected ‘Transmittance Mode’ with scanning wavelength 550 nm. Secondly, scanned blank
for setting base line. Then put sample into the sample holder. F inally, scanned the samples and

changed to ‘Statics Mode’ for data output.



Chapter 4

Results and Discussion

Crosslinking reactions by using organic peroxides and silane coupling agent are essential
phenomena during the lamination-curing process. Therefore, to understand cure characteristic is
an important key point to improve the quality of encapsulating materials. The isothermal real-time
torque measurement by using MDR instrument is comfortable and reliable to investigate the cure
characteristic of EVA-based encapsulant for PV modules. This research studied the effect of
organic peroxides on crosslinking characteristics of EVA-based encapsulants which contained 18,
28 and 33 %wt VA contents. The crosslinking reactions can be described by multi reaction
mechanism which summarized in Chapter 2. Furthermore, the isothermal isoconversional (model-
free) method was applied to isothermal kinetic analysis of these crosslinking reactions. In this
chapter we examined the results of organic peroxides on EVA 33 %wt (EVA-33) which is a
general commercial grade of PV encapsulant, and studied on the point of their kinetics, finally,
developed the in-house EVA-based encapsulant using EVA 28 %wt (EVA-28) which is a

domestic produced EVA grade.

4.1 Effect of VA contents on crosslinking characteristics

EVAs which contain 18, 28 and 33 %wt VA contents were compounded with dicumyl]
peroxide (DCP; Dialkyl peroxide class) and cured at given temperature 150°C for cure time
30 min. The cure curves are shown in Figure 4.1 (torque data of these compounds are tabulated in
Appendix A-1). It can be seen that these compounds are cured with continuously increasing
torque (i.e. marching trend). For EVA-33 compound, its torque remained constant around first 2
min that implied to the crosslinking reactions did not occur while molten EVA filled in the molds.
Then the crosslinking reaction had began and dramatically increased until 5 min of cure time after
that the compound was over-cure. EVA-28 and EVA-18 compounds produced cure curves similar
to EVA-33 compound. The cure properties of these compounds are located in Appendix A-2. The
maximum torque (M,) decreases with increasing VA content. It is affected by their physical
property, that is, high VA content compound is softer than low VA content compound. On the

other hand, VA contents do not effect on optimum cure time. It can be seen that their optimum
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cure time are similar. Therefore, the use of EVA-18 and EVA-28 instead of EVA-33 would be

probably possible.
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Figure 4.1 Effect of VA content on cure curves of EVAs/Dialkyl peroxide compounds at cure

temperature 150°C.

4.2  Effect of organic peroxides on crosslinking characteristics

In order to investigate the effect of organic peroxides, the encapsulant samples were
cured at constant temperature. As isothermal curing, the thermal decomposition of organic
peroxides in encapsulant crosslinking reactions depends on their molecular structure, which has
an important effect on the lamination-curing time. Three classes of organic peroxide candidates
which are (1) dialkyl peroxide; (2) peroxyester peroxide; and (3) peroxyketal peroxide were used.
Firstly, these candidates were compound with EVA-33 as formulated in Table 3.5. Then they
were characterized their cure behavior by MDR. The torque-time cure curves as well as cure time

and cure rate were determined.

4.2.1 Effect of dialkyl peroxide on crosslinking characteristics
Dicumyl peroxide (DCP) is white crystals peroxide. It is common peroxide for
crosslinking applications. The thermal decomposition of DCP is demonstrated in Figure 4.2. As
shown in the figure, DCP decomposes to two cumyl radicals and then these radicals can be

reacted with hydrogen abstraction to produce hydroxyisopropylbenzene (cumyl alcohol) or
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beta-scission reaction to produce methyl radicals and acetophenone as a by-product. These methyl
radicals are high energy level of 439.1 kJ/mol. Peroxides which generate free radical > 418.6
kJ/mol possess high crosslinking efficiency due to their ability to abstract secondary hydrogen
commonly present in most crosslinkable polymers [9]. The DCP crosslinking mechanism is
illustrated in Figure 2.7. The typical decomposition products are methane, acetophenone, and
cumyl alcohol. The aromatic by-products or chromophores in the curing step are caused of
discoloration of the cured EVA [4]. Discoloring of EVA can reduce PV module efficiency

because of decreased light transmittance [5].

CHs; CHs
@— —00— -©—>©—é—o. o-&—@
Ehy
Dicumyl Peroxide Strong Radicalis 439.1 kJ/mol
@7:@230 Beta-Scission CHs CHs
o O —0%
3
EHS Acetcphenone
HYDROGEN =~ _@ + CH.®
ABSTRACTIRX! (|3H3 Me?hyl Radical (Strong)
Hydroxyisopropylbenzene 439.1 kl/mol

Figure 4.2 Thermal decomposition of DCP (Dialkyl peroxide class) [9].

The cure curves of EVA-33/Dialkyl peroxide compounds were presented in
Figure 4.3. It shows that cure reaction of temperature 150°C and 160°C are not adequate as a
marching trend. The plateau curve as shown on temperature 170°C is convinced for sufficient
cure. Optimum cure time (t.90) of these cure curves are 23.23, 19.55 and 7.03 minutes,
respectively. Cure rate index (CRI) of 150°C and 160°C are quite low, on the contrary, CRI of
170°C cure curve is triple high value. The cure properties tables of these curves are located in
Appendix A-1. For the purposing of productivity and cost reduction as well as high quality
product, lamination-curing processing could be operated at lowest cure temperature and shortest
cure time. Even though DCP can produce strong free radicals, its half-life temperature is
significantly high. So that, it has to use long time to decompose at low temperature, or it must be

heated up to higher temperature to produce free radicals for short cure time. Moreover, at high
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cure temperature and/or long cure time can generate acetophenone which causes the yellowing
EVA. It can be seen that DCP is not suitable peroxide for EVA-based encapsulant crosslinking
because it has to use operating temperature up to 170°C to complete its crosslinking reactions and

the final product has light yellow color.
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Figure 4.3 Effect of temperature on cure curves of EVA-33/Dialkyl peroxide compounds.

4.2.2  Effect of peroxyester peroxide on crosslinking characteristics

Lupersol TBEC™ is well-known peroxide for fast cure formulation as 15295P.
It is pure liquid peroxyester peroxide. This peroxide provides good crosslinking efficiency, and
has a high molecular weight of 246 g/mol. The suggested temperature range of this peroxide
usage is ~145 to 180°C for the complete cures in 2 hours to about 5 minutes, respectively [9].
Furthermore, it is non-aromatic, non-discoloring, and does not produce decomposition by-
products which would lead to bloom [8]. Figure 4.4 is shown the thermal decomposition of
Lupersol TBEC. It can generate high energy radicals of 439.5 kJ/mol. These radical are less

stable, strong radical which would be easily crosslink.

C13H3 (“) (|32H5 ?Ha (") ?sz
CHy—C~0—0~C~0—CHy-CH ——= CHy—C—0+  +0~C~0—CHy-CH
¢
Chh Cabo Chs 439.5 k3/mol o

Figure 4.4 Thermal decomposition of Lupersol TBEC™ (Peroxyester peroxide class) [9].
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Cure curves of EVA-33/Peroxyester peroxide compounds at temperature 150°C,
155°C and 160°C are exhibited in Figure 4.5. As usual, these cure curves significantly increase
up to about 5 minutes and gradually attain the plateau curve. As well as, maximum torque
increased with cure temperature increased. These compounds show that this formulation can be
used for crosslinking in this temperature range. Optimum cure time (t.90) of these curves are
7.93, 6.63 and 4.52 minutes, as well as the CRI are 14.37, 16.85 and 25.74 min" respectively.
These results are similar to other reports for 15295P (fast cure formulation) [33-35]. Lupersol
TBEC has low half-life temperature (1 hr half-life at 121°C). This half-life temperature is
considerable effect on cure performance. Czanderma and Pern [4] recommended the 15295P
formulation to PV industry because the A9918P (standard cure formulation which used Lupersol
101, dialkyl peroxide, as curative) degraded faster than the 15295P under identical accelerated
test conditions. Furthermore, they studied the effect of cure temperature and cure time and found
that the standard-cure A9918P increased the concer‘ltration of the chromophores as the cure
temperature was increased from 130°C to 175°C for a fixed cure tine of 30 minutes, but the fast-
cure Lupersol TBEC produced almost no net increase in the chromophores in the same
temperature range for cure time of 15 minutes. In addition, shorter cure time could reduce

concentration of UV-excitable chromophores that might significantly influence the photothermal

stability of EVA [32].
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Figure 4.5 Effect of temperature on cure curves of EVA-33/Peroxyester peroxide compounds.
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4.2.3  Effect of peroxyketal peroxide on crosslinking characteristics

The last candidate of peroxide crosslinking systems is péroxyketal peroxide.
The peroxyketal peroxide generates a mixture of weak and high energy free radicals as shown in
Figure 4.6. The mechanism of decomposition of peroxyketal peroxides are complex and may vary
with specific structures. This research used Lupersol 231 (1 hr half-life at 115°C) for modified
formulation. Because this peroxide has lowest half-life temperature and can produce 2 strong
radicals and 1 weak radical. Thus, it would be a better choice than peroxyester peroxide for
decreasing lamination-curing time. Moreover, the typical decomposition products such as

methane, acetone, t-butyl alcohol, CO, and other products are non-discoloring [8-9].

?Hl; CH3 ?HB CI:HB
CH3-—(]I—OO OO—?—CHa CHy—C—0'* .0 OO—(IJ—CH3
CHs CHy —> CHs CHe
¥ Strong Radical CHy
Gy 439.1k3/mol  CHs CHy
g
o) oo—cl;——cm A o 3
| ] |
03?3 X1 'CHZ“?"'C"*Z—C':—CHZ——C—OO—CII—-CH:,
CH3 CH3 CH3
CH CH
’ > Weak Radical
Hydrogen Abstraction 418.2 k3/mol
?Hs o ?‘*3 - CI:H3 Cl) ?Hs
Q"s—?—CHz——(E—CHz-—él;—oo—(';_q.;?, CH:;—CI:—CHz—Clﬁ—CHz—C—O- -O—-?—CH:,
a"3 CH3 0’13 CH3 CH3 C"‘|3
Peroxyester Type Peroxide Strong Radical
/ 439, mol
C’;Hs % CH iHscH + CO2
CH3—(|3—CH2-—C’3—CH2?C—O- ——>  CHyg—C—CH, 7 2%
CH3 CHs CH3 3
Weak Radical
418.2 kJ/mol

Figure 4.6 Thermal decomposition of Lupersol 231 (Peroxyketal peroxide class) [9].
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Figure 4.7 shows that cure curves of EVA-33/Peroxyketal peroxide compounds
at given temperature 150°C, 155°C and 160°C for 15 minutes. It can be seen that torque
dramatically increased and reached the equilibrium state of cure within cure time 3 minutes.
While increasing of cure temperature did not significantly effect on maximum torque.
Optimum cure times (tC90) of these compounds are 3.15, 2.29 and 1.30 minutes for cure
temperature 150°C, 155°C and 160°C, respectively. Because of the peroxyketal peroxide has low
half-life temperature and also can produce both strong and weak free radicals it would be an

extreme active for crosslinking reactions.
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Figure 4.7 Effect of temperature on cure curves of EVA-33/Peroxyketal peroxide compounds

4.2.4 Comparison of crosslinking characteristics with organic peroxides

Crosslinking characteristics of EVA-33/Peroxides compounds including cure
curve, torque difference, cure time and cure rate index are summarized in this section. Cure
curves of 3 EVA-33/Peroxides compounds compared with the 15295P (commercial encapsulant
film) at given cure temperature 150°C and cure time 15 minutes are presented in Figure 4.8.
It can be seen that torque of EVA-33/Dialkyl peroxide compound slowest developed, on the
contrary, EVA-33/Peroxyketal peroxide compound can be cured fastest and completely.
The peroxyketal peroxide can quickly decompose and generates free radicals and then reacts
during crosslinking reactions that obviously indicate on its cure curve. EVA-33/Peroxycster

peroxide is a bit different from the 15295P, that is, this compound was cured faster than the
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15295P. It could be an effect of other additives which used in the formulation. Dick [9] found that
other additives could have a dramatic effect on peroxide cures. From these cure curves we can

conclude that peroxyketal peroxide has efficient performance for EVA-based encapsulant.
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Figure 4.8 Effect of organic peroxide on cure curves of EVA-33/Peroxides compounds at cure

temperature 150°C.

In addition to the experimental results from MDR, the torque difference between
maximum and minimum torque (M,-M,) which directly related to crosslinking density is shown
in Figure 4.9. It can be seen that torque difference increases with increasing temperature for all
types of peroxides. As shown in cure curves above, rising cure temperature leads peroxides faster
decompose themselves to free be radicals and then crosslinking reactions can also occur
spontaneously. Hence, the torque of high cure temperature is generated rapidly which depends on
their half-life temperature. Besides, the torque difference of EVA-33/Peroxyester peroxide
compound quite more extends with cure temperature than other compounds.

Cure time at 90% of cure state (t.90) of these compounds are compared in
Figure 4.10. It shows that cure time decreases with increasing temperature. EVA-33/Dialkyl
peroxide has slow cure time up to 20 minutes for 150 and 160°C and then dramatically decreases
3 times to 7 minutes on curing temperature 170°C. EVA-33/Peroxyester peroxide and EVA-
33/Peroxyketal peroxide compounds have obviously fast cure time. It revealed that peroxyketal

peroxide can be cured faster than peroxyester peroxide about 2.5 times at cure temperature 150°C

and about 4 times by increasing cure temperature 10°C. Thus it would be possible to use
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peroxyketal peroxide at lower cure temperature than 150°C in order to avoid any thermal
degradation occur while the present commercial encapsulant can not attain the same cure level.
It is emphasized in Figure 4.11 that displays the cure rate index (CRI) of these compounds. In
addition, the efficiency of dialkyl peroxide at 170°C is approximately equal to peroxyester

peroxide at 150°C.
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Figure 4.9 Effect of temperature on torque difference (M, — M, ) of EVA-33/Peroxides
compounds. (@) EVA-33/Dialkyl peroxide; ((0) EVA-33/Peroxyester peroxide;
(A) EVA-33/Peroxyketal peroxide.
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Figure 4.10 Effect of temperature on t.90 of EVA-33/Peroxides compounds.

(®) EVA-33/Dialkyl peroxide; (O) EVA-33/Peroxyester peroxide;
(A) EVA-33/Peroxyketal peroxide.
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Figure 4.11 Effect of temperature on cure rate index (CRI) of EVA-33/Peroxides compounds.
(®) EVA-33/Dialkyl peroxide; (O) EVA-33/Peroxyester peroxide;
(A) EVA-33/Peroxyketal peroxide.

Nevertheless, in lamination-curing process by using vacuum laminator, it can be
divided into 2 processes; lamination and curing. Specific processing conditions, i.e., temperature,
time, and pressure are not readily known because they are considered proprietary information by
PV manufacturers [38]. In general, solar cell and other assembly parts as shown in Figure 1.1
were put into the laminator chamber. Then the lamination process was operated, EVA was melt
and spread cover solar cells and bonded itself to cover glass and backing materials. The
lamination temperature is generally not over 120°C. In this step, thermal decomposition of
organic peroxide must be avoided because the peroxide such as Lupersol TBEC has a tendency to
generate bubbles from CO, and other gaseous organics. Moreover, prior industry experience
emphasized that higher lamination temperatures were unfeasible at temperature approaching
155°C. Thus, the temperature controlling and thermal decomposition of organic peroxide
information are necessary required for PV manufacturers to prevent bubble formation. In curing
process, temperature was increased up to 150 °C to 160°C (general curing temperature) and the
crosslinking reactions could be accomplished in 7 minutes at 150°C (for 15295P).

Wohlgemuth and Shea [34] reported that curing temperature had influence on
peroxide decomposition products from the IR analysis of the thermal effluents from EVA

encapsulants. That analysis concluded that water evolved at 105°C, CO, at 120°C, acetone and
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t-butanol at 177°C and acetic acid at 205°C. It was further determined that at least 1.5 %wt water
could be present in a 33%wt VA containing EVA following short exposure to air. They suggested
that completely dried EVA encapsulants under vacuum for 18 hours at 50°C had no bubbles
formation during lamination process.

Therefore, the use of peroxyketal peroxide as curative in EVA-based
encapsulant formulation is an interesting and possible choice for the new formulation. This
peroxide has low half-life temperature and non-discoloring by-products. EVA/Peroxyketal
peroxide formulation can be produced by film extrusion and pre-dried before using in lamination
process. This film would be used under low cure temperature and time conditions. The
combination of these factors could be prevent bubble formation and obtain good yield of

crosslinked EVA.

4.3  Effect of organic peroxide concentrations on crosslinking characteristics

Typically peroxide concentrations range from 0.5 to 2.0 parts by weight per one hundred
parts of resin (phr) is recommended [8]. At lower concentrations, curing process may be slow and
physical property deterioration may be encountered. Higher peroxide concentraticns are not cost
effective since initiator is lost in wasteful side reactions. Thus this work the effect of peroxide
concentration ranging from 0.10 to 0.2 phr was determined.

EVA-33/Peroxyester peroxide compounds were cured at cure temperature 150°C for cure
time 15 min as shown in Figure 4.12. On the start of cure occurred, there are not different on their
cure curves. After cure time 1 minute, it can be seen that torques of 0.10 and 0.15 phr increase
and attain the optimum cure; moreover, the concentration 0.10 phr can be cured faster than the
concentration 0.15 phr. The result is obviously determined that 0.10 phr has lower free radicals
for initiating the crosslinking reactions. On the other hand, at concentration 0.20 phr, it shows the
marching trend with the MH higher than other. It revealed that this concentration can generate
excess of free radicals then crosslinking reaction can occur much more that other concentrations;
the 15 minutes cure time may be not efficient to reach the optimum cure. Optimum cure times
(tc90) of these cures are 7.20, 7.93 and 8.73 minutes respectively. The CRI decreases with

increasing peroxide concentration.
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Figure 4.12 Effect of peroxide concentration on cure curves of EVA-33/Peroxyester peroxide

compounds at cure temperature 150°C.

Figure 4.13 shows cure curves of EVA-33/Peroxyketal peroxide (0.10, 0.15 and 0.20 phr)
compounds at cure temperature 150°C for cure time 15 minutes. It is quite similar to
EVA-33/Peroxyketal peroxide compounds. All concentration compounds can be completely
cured. Optimum cure time (t.90) of 0.10 and 0.15 phr cure curves are 3.05 and 3.1‘5 minutes but

at 0.20 phr is up to 4.28 minutes. The CRI of the 0.20 phr is lower than the 0.10 and 0.15 phr

approximately 33%.
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Figure 4.13 Effect of peroxide concentration on cure curves of EVA-33/Peroxyketal peroxide

compounds at cure temperature 150°C.



4.4  Crosslinking characteristics of the in-house EVA formulations

EVA which contains 28 %wt VA content is a domestic produced resin. In order to
investigate the possibility to replace imported EVA-33 by using EVA-28, it was formulated as
EVA-33/Peroxides compounds. It was compounded with organic peroxides as
EVA-28/Peroxyester peroxide compound and EVA-28/Peroxyketal peroxide compound.
Crosslinking studies of these compounds were conducted at cure temperature 150°C, 155°C and
160°C at given cure time 15 minutes. The experimentally measured torque data as well as the
cure curves and cure properties of these compounds are located in Appendix A-3 and A-4.
The EVA-28/Peroxides compounds had shown similar trend of cure characteristics as
EVA-33/Peroxides compounds. Figure 4.14 shows the comparison of cure curves of
EVA-28/Peroxides and EVA-33/Peroxides compounds. It can be seen that the EVA-28/Peroxides

compounds can be cured and attain the optimum cures.
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Figure 4.14 Cure curves of in-house EVA formulations compared with EVA-33 compounds
at cure temperature150°C.
(M) EVA-33/Peroxyester peroxide; ((1) EVA-28/Peroxyester peroxide;

(A) EVA-33/Peroxyketal peroxide; (A) EVA-28/Peroxyketal peroxide.

Moreover, the EVA-28 produces higher torque than the EVA-33 because amorphous
phase of EVA-28 is less than EVA-33 [36-37]. The torque difference between maximum and
minimum torque (M,-M,) of these compounds are shown in Figure 4.15. The torque differences

increase with increasing temperature and the EVA-28/Peroxides compounds have higher to
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torque difference than the EVA-33/Peroxides compounds at any temperatures. Furthermore, it can
be seen that EVAs compounded with peroxyester have more strength than EVAs compounded
with peroxyketal. Optimum cure time (t.90) and CRI of these cures are presented in Figure 4.16

and 4.17, respectively. The optimum cure time and the CRI of EVA-28 and EVA-33 compounds

are slightly different.
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Figure 4.15 Effect of temperature on torque difference (M,; — M,) of in-house EVA formulations
compared with EVA-33 compounds for cure time 15 min.
(W) EVA-33/Peroxyester peroxide; ([J) EVA-28/Peroxyester peoxide;
(A) EVA-33/Peroxyketal peroxide; (A) EVA-28/Peroxyketal peroxide.
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Figure 4.16 Effect of temperature on t.90 of in-house EVA formulations compared with EVA-33
compounds for cure time 15 min.
(W) EVA-33/Peroxyester peroxide; ((J) EVA-28/Peroxyester peroxide;
(A) EVA-33/Peroxyketal peroxide; (A) EVA-28/Peroxyketal peroxide.
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Figure 4.17 Effect of temperature on cure rate index (CRI) of in-house EVA formulations
compared with EVA-33 compounds for cure time 15 min.
(W) EVA-33/Peroxyester peroxide; ((J) EVA-28/Peroxyester peroxide;
(A) EVA-33/Peroxyketal peroxide; (A) EVA-28/Peroxyketal peroxide.

The effect of peroxide concentrations in EVA-28 compounds was also studied. The
peroxide concentration 0.10, 0.15 and 0.20 phr were compounded with EVA-28 and tested as
EVA-33/Peroxides compounds. Cure curves and cure properties of these compound at these cure
temperatures are located in Appendix A-2. Cure curves of the EVA-28 compounds show similar
trend. The torque difference between maximum and minimum torque (M,-M, ), optimum cure
time (t.90) and CRI of these compounds are shown in Figure 4.18 to 4.20, respectively. The
torque differences of the EVA-28/Peroxides compounds are slightly different but significantly
greater than the EVA-33 compounds. In addition, the torque difference of the EVA-28/Peoxides
of peroxide concentration 0.10 phr is equivalent to the EVA-33/Peroxyester peroxide
compounded with peroxide concentration 0.15 phr. It seems that we can reduce the peroxide
amount in formulation approximately 33% when using EVA-28 resin. The optimum cure time of
the EVA-28/Peroxides compounds are moderately lower than the EVA-33/Peroxides compounds
at any peroxide concentrations. Because the EVA-28 has lower VA content than the EVA-33, that
is, the crosslinking reactions can take place between the EVA-28 chains easily. Likewise, the CRI
of the EVA-28/Peroxides are greater than the EVA-33/Peroxides compounds, especially, the CRI

of the EVA-28/ 0.10 phr Peroxyketal peroxide compound is dramatically high.
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Figure 4.18 Effect of peroxide concentration on torque difference (M,, — M, ) of in-house EVA
formulations compared with EVA-33 compoundsat cure temperature 150°C
for cure time 15 min.
(M) EVA-33/Peroxyester peroxide; ([1) EVA-28/Peroxyester peroxide;
(A) EVA-33/Peroxyketal peroxide; (A) EVA-28/Peroxyketal peroxide.
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Figure 4.19 Effect of peroxide concentration on t.90 of in-house EVA formulations compared
with EVA-33 compounds at cure temperature 150°C for cure time 15 min.
(M) EVA-33/Peroxyester peroxide; ((O) EVA-28/Peroxyester peroxide;

(A) EVA-33/Peroxyketal peroxide; (A) EVA-28/Peroxyketal peroxide.
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Figure 4.20 Effect of peroxide concentration on cure rate index (CRI) of in-house EVA
formulations compared with EVA-33 compounds at cure temperature 150°C
for cure time 15 min.

(W) EVA-33/Peroxyester peroxide; ((J) EVA-28/Peroxyester peroxide;
(A) EVA-33/Peroxyketal peroxide; (A) EVA-28/Peroxyketal peroxide.

As aforementioned it would be possible to use the domestic EVA resin which contains
28 %wt VA content. It can be seen that the EVA-28/Peroxides compounds have the ability to
optimize cure as shown in their cure properties. Furthermore, the EVA-28 compounded with
0.10 phr of peroxyketal peroxide has considerably good performance for the encapsulant

formulation.

4.5  Estimation of activation energy of crosslinking reactions

Solid-state kinetics was developed from reaction kinetics in homogeneous system (i.e.
gases and liquids). The Arrhenius equation relates the rate constant of a simple one-step reaction
to the temperature through the activation energy and pre-exponential factor. It has been generally
assumed that activation energy and frequency factor remain constant, however, it has been shown
[18-20] that in solid-state reactions these kinetic parameters may vary with the progress of the
reaction. This variation can be detected by isoconversional methods. While this variation appears
to be in conflict with basic chemical kinetic principles, in reality, it may not be. Such behavior

may show that solid-state kinetics is more complex and/or multi-step compared to reactions in
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homogeneous phases. Khawam et al. [18] noted that a variation in activation energy could be
observed for both elementary and complex reactions. An elementary reaction could show variable
activation energy during its progress due to the heterogeneous nature of the solid sample, which
could cause a systematic change in reaction kinetics due to product formation, crystal defect
formation, intra-crystalline strain or other similar effects. Solid-state reactivity of an elementary
reaction could also be affected by experimental variables that could change the reaction kinetics
by affecting heat or mass transfer at a reaction interface. If two or more elementary steps, each
having a unique activation energy, control the rate of product formation, the reaction is usually
called a complex reaction. In such a reaction, a change in the activation energy as the reaction
progresses would be observed. This change will depend on the contribution of each elementary
step, which gives an ‘effective’ activation energy that varies with reaction progress. Kinetic
complexities are not limited to multiple chemical steps. They may also include physical processes
(e.g. sublimation, localized melting, adsorption-desorption, diffusion of a gaseous product,
particle size and morphology effects, etc.) that have different activation energies. Vyazovkin [39]
defined term ‘effective activation energy’ as a parameter measured from a temperature
dependence of the overall reaction rate. Sbrirrazzuoli and Vyazovkin [40] stated that if the
changes in the mechanism are associated with changes in the activation energy, they can be
detected by using the model-free isoconversional methods. These methods are based on the
isoconversional principle that states that the reaction rate at constant extent of conversion is only
a function of the temperature. The use of the model-free approach is recommended as a
trustworthy way of obtaining reliable and consistent kinetic information from both isothermal and
nonisothermal data.

As aforementioned the isoconversional model-free method was applied to determine the
kinetics of EVA-33/Peroxides crosslinking reactions and compared with the model-fitting method
by computer programmed calculation. The determination of activation energy of EVA/Peroxides
crosslinking reactions had begun by the conversion calculation using Eq. (2-15), and then two
methods of activation energy estimation were employed as shown in Appendix B-1. Firstly, the
model-fitting kinetic analysis was calculated by computer programming. The reaction rate
constants (k) of each temperature were found out and then -In k were plotted versus 1/T. The
activation energy can be found from the slope of the plot. It resulted that these conversion were
best fit with the first-order model as presented in Figure 4.21. The Visual Basic code of this

calculating program shows in Appendix B-2.
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Figure 4.21 Plots of conversion versus time of EVA-33/ Peroxides compounds at cure
temperature 150°C for cure time 15 min.
(=) Calculation data (computer programming: first-order reaction).

(O) Experimental data (Eq. 2-15).

The activation energies estimated by the model-fitting method are 94, 78 and 98 kJ/mol
for- the EVA-33/Dialkly peroxide, EVA-33/Peroxyester peroxide and EVA-33/Peroxyketal
peroxide, respectively. It can be seen that the activation energy of EVA-33/Peroxyester is lowest
because the peroxyester peroxide decomposed to quite symmetric strong radicals same as the
decomposition of the dialkyl peroxide but it has lower half-life temperature comparing with the
dialkyl peroxide. In order to consider the complexity of free radicals generated by peroxyester
and peroxyketal peroxides, the peroxyketal peroxide can produce mixture of strong and wcak
radicals which can initiate more complex crosslinking reactions than free radicals from the

peroxyester peroxide even though these peroxide have the half-life temperature in the same range.
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Due to the crosslinking reactions with organic peroxide and silane coupling agent are
complex so that the exact kinetic model to describe their mechanism is quite difficult to assume.
Thus, one alternative model so-called the isoconversional model-free method was determined.
The model-free method is an alternative technique for activation energy examination. This
- method finds out the reaction time (z,) at any given extent of conversion. The conversion curves
and plots of -In £, versus 1/T of each EVA-33/Peroxides compound are presented in Appendix
B-1. The activation energy by using the model-free method so called the effective activation
energy as explained previously. For EVA-33/Dialkyl peroxide and EVA-33/Peroxyester peroxide,
they can be estimated approximately 96 and 75 kJ/mol, respectively as shown in Figure 4.22.
They are quite similar to the activation energy from the model-fitting method. So the model-free
method can be used for EVA-33/Dialkyl peroxide and EVA-33/Peroxyester peroxide crosslinking
reactions. On the other hand, there is high variation of activation energy for EVA-33/Peroxyketal
peroxide as displayed by black triangle symbol in Figure 4.22. It should be caused by the
complexity of its crosslinking reactions from the mixture of strong and weak radicals. It can be
seen that the standard isoconversional model-free method is not sufficient for estimation of the
activation energy for manifold reactions likewise the crosslinking reactions of
EVA-33/Peroxyketal peroxide. Therefore the other technique with satisfactory prediction such as

the advanced isoconversional method (AIC) [18] should be applied to determine its activation

energy for the further study.
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Figure 4.22 Activation energy (E,) of crosslinked EVA-33/Peroxides compounds estimated from
the isoconversional plot. (®) EVA-33/Dialky! peroxide;
(O) EVA-33/Peroxyester peroxide; (A) EVA-33/Peroxyketal peroxide.
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4.6  Gel contents of crosslinked EVA sheets

As general concept that gel content in the range of 80% or greater for cured EVA-based
encapsulant is an important factor to accomplish 20-years life time service [34]. Then
determination of gel content is one of investigation methods in this thesis work. The gel contents
for different EVA formulations are given in Table 4.1 and 4.2. These specimens received from
MDR tests. Table 4.1 shows the gel contents of EVAs/Peroxides compounds at cure temperature
150°C, 155°C and 160°C. It can be seen that all compounds at given conditions can achieve the
ultimate gel content greater than 90%. Likewise the results in Table 4.2, compounds which varied
peroxide concentrations can carry out high gel content greater than 90%. Since the MDR tests
were operated at isothermal conditions throughout the cure test; these specimens could be cured
and attained the optimum cure. So that, EVAs/Peroxides compounds which cured with perfect
plateau form can produce gel content up to 80% or greater. Therefore, the encapsulant should be
cured at given condition which can reach the optimum cure (i.e. plateau cure-curve) to ensure that
its gel content is up to 80%. However, it is quite difficult to operate at isothermal conditions in

the lamination-curing process. Thus the gel content from practical would be less than these tests.

Table 4.1 Gel contents of EVA/Peroxides compounds for cure time 15 minutes

Temperature Gel Contents [%]
[°C] EVA-33/ EVA-28/ EVA-33/ EVA-28/
Peroxyester Peroxyester Peroxyketal: Peroxyketal
150 97.4 97.8 92.9 97.7
155 97.9 98.5 93.9 97.7
160 97.9 97.5 943 98.8
Table 4.2 Gel contents of EVA/Peroxides compounds for cure temperature 150°C
Peroxide Gel Contents [%]
Concentration EVA-33/ EVA-28/ EVA-33/ EVA-28/
(phr] Peroxyester Peroxyester Peroxyketal Peroxyketal
0.10 96.0 95.1 923 97.7
0.15 97.4 97.8 92.9 971.7
0.20 98.2 97.4 96.2 99.2
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4.7 Light transmission of crosslinked EVA sheets

PV modules can generate electricity by converting sun light via solar cells. The incident
light intensity on the PV modules affects directly to the module efficiency. Hence, the
encapsulant must be transparent particularly on the front side. The light transmission for general
requirement of the front-sheet encapsulant is >90% of incident. On the contrary, the back-sheet
encapsulant does not need high transparent property.

In-house EVA encapsulants were cured at given conditions; cure temperature 150°C and
cure time 15 minutes by using compression machine. The specimens were cut into rectangular
shape and tested their transparency by UV-Vis spectrophotometer. The light transmittances are

shown in Table 4.3.

Table 4.3 Light transmission of crosslinked EVA sheets at wavelength 550 nm

Conditions: cure temperature 150°C and cure time 15 minutes.

EVA-33/ EVA-28/ EVA-33/ EVA-28/
Peroxyester Peroxyester Peroxyketal Peroxyketal
Transmittance [%] 70.4 60.1 59.9 504
Thickness [mm] 0.48 0.51 0.46 0.50

The light transmittance of EVA-28 is lower than EVA-33 because VA content affects
directly to its transparency. Furthermore, EVAs/Peroxyester sheets are moderately high
transparent than EVAs/Peroxyketal sheets. Anyhow, the light transmittances of these compounds
are less than 90% that would affect of scratches after removed molds from the specimens.
Therefore, it should be use laminating on cover glass for measuring the practical transparency.
The improvement of testing procedure is required. However, the thin film PV does not consider
light incident on the encapsulant because it needs the encapsulant only on back side of solar cells
to encapsulate solar cells to the backing support. In addition, the back-sheet encapsulant is not

required the transparency, so that, the EVA-28 can be used for the back-sheet encapsulant.



4.8  Estimation of gel content by using MDR measurement

The gel content measurement by gel method (conventional method) according to ASTM
D 2765-90 has to take long time for dissolving sample in organic solvent and drying under
vacuum condition. The MDR -method which measured torque during cure process is more
convenient and useful than the gel method whereas this method does not straightforwardly yield
in term of gel content. Thus the relationship between torques measured by MDR and gel content
received by gel method would be determined.

Considering the torque (7) is a function of active oxygen (4) and melt flow index (M).
The relationship between torque and VA content of EVAs as shown in Figure 4.1 can be
rearranged in term of torque-MFI relationship (i.e. 7= T (M)). Likewise, the corresponding of
torque and active oxygen which demonstrated in Figure 4.8 can be addressed as 7 = 7 (4), so
that, it can be written in form of 7= 7 (4, M) and then applying the exact differential equation to

establish the relationship as follows Eq. (4-1)

dr=(ﬁ) dA+(ﬁ) dM (4-1)
o4),, oM ),

Then define 2 coefficients: Active Oxygen coefficient (&) and Hardness coefficient (£).
Active Oxygen coefficient describes the characteristics of torque which are affected by

active oxygen content or free radical initiator during the crosslinking reactions.

a-i(éij (4-2)
7, \04 ),

Where7, is the reference torque. The EVA-33, which is a commercial resin for
encapsulant as well as easily melt and high MFI was chosen to be the reference resin. In order to
determine the suitable reference peroxide, the lowest active peroxide, i.e. DCP, was selected.
Thus, this experiment uses the maximum torque of EVA-33/DCP at given cure temperature
150°C and cure time 30 min for the reference (7,= 1.91 dNm ).

Substituting the slope of a plot of maximum torque versus active oxygen as shown in

Figure 4.23 in Eq. (4-2) gives the active oxygen coefficient. ez is 0.05387 [-].
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Figure 4.23 Plots of torque versus active oxygen of EVA-33/Peroxides at cure temperature

150°C for cure time 15 min.

Hardness coefficient expresses the characteristics of torque which are affected by

hardness of EVA resin that caused of the melt flow index of each resin.

1{ or
L o=t . 4-3
TO(aM)A @3

Substituting the slope of a plot of maximum torque versus melt flow index as shown in Figure

4.24 in Eq. (4-3) gives the hardness coefficient. £ is 0.00958 [g/10 min] .

Substituting Eq. (4-2) and (4-3) into Eq. (4-1) and integration gives

-1,

=a(d-4,)+ (M -M,) (4-4)

%o

where A, is the reference active oxygen. This experiment uses the active oxygen of
DCP as the reference (A= 2.3%). M, is the reference melt flow index. This experiment uses the

melt flow index of EVA-33 as the reference (M= 30 g/10min).
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Figure 4.24 Plots of torque versus MFI of EVAs/DCP at cure temperature 150°C for cure time

15 min.

Gel contents of EVAs/Peroxides compounds at cure temperature 150°C for cure time

15 min measured by the gel method were plotted versus (7- 7, )/ T, ratio as shown in Figure 4.25.

The relationship between gel content and ( 7- 7,)/ T, ratio addresses in Eq. (4-5)

-1,

Ty

Gel content [%] = 4.6061( )+ 96.303 (4-5)

Substituting (7-7, )/ 7, ratio from MDR measurement in Eq. (4-5) then gives the gel

content. Figure 4.26 demonstrates the comparison of gel content measured by Gel Method and

MDR Measurement. It can be seen that the gel content by MDR measurement is similar to the gel

method. The difference of two methods is less than 3%. Therefore, the estimation of gel content

by MDR measurement can be provided reliable result and comfortable measurement.

This correlation would be useful applying to the encapsulant inspection in the PV

industry because the gel method can not accomplish the productivity. Moreover, the gel method

has to use organic solvent that is a toxic volatile material which harm to human and environment.
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Figure 4.25 Plots of gel content versus (7-7,)/ T, ratio of EVAs/Peroxides at cure temperature

150°C for cure time 15 min.
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Chapter 5

Conclusion and Suggestions

5.1  Conclusion

The study and development of EVA-based encapsulant for solar cells contribute to the
enlargement of knowledge involve the encapsulant and modification of its formula. EVAs which
contain 18, 28 and 33 %wt VA contents were determined. EVA-28 is a domestic resin would be
used instead of EVA-33 (imported-commercial EVA grade) because its physical property and
crosslinking characteristics are proper to the encapsulation material.

The important key factor of crosslinking reactions of EVA-based encapsulant during
lamination-curing process is organic peroxide. Three classes of organic peroxide candidates
which are (1) dialkyl peroxide; (2) peroxyester peroxide; and (3) peroxyketal peroxide were
studied. Dialkyl peroxide is not suitable because it has high half-life temperature and its
by-products can discolor the final product. Peroxyester peroxide as a commercial is good for
curing at temperature in range of 150 to 160°C which accomplished ultimate cure within 5 to 8
minutes. Moreover, peroxyketal peroxide has higher performance which decreased optimum cure
time to 3 minutes. Furthermore, the EVA-28 compounded with 0.10 phr of peroxyketal peroxide
has considerably good performance for the encapsulant formulation.

The gel contents of in-house formulations are up to 90% but the light transmittances are
moderately low due to their surface damage from mold removing. Although light transparency
does not attain for the front-side encapsulant requirement, it can be used for the back-side
encapsulant for crystalline solar cells and thin film solar cells which use only back-side
encapsulant. Thus, it would be possible to use the domestic EVA for PV encapsulant

This research applied the MDR to detcrmine crosslinking behavior. This apparatus is
suitable for real-time isothermal crosslinking reaction study. Isothermal isoconversional model-
free method was employed for kinetic analysis. The effective activation energy as a parameter
measured from a temperature dependence of the overall reaction rate was calculated and
compared to the results from the model-fitting method by using computer programming. The
activation energies estimated by the model-fitting method are 94, 78 and 98 kJ/mol for the EVA-
33/Dialkly peroxide, EVA-33/Peroxyester peroxide and EVA-33/Peroxyketal peroxide,

respectively. In addition the activation energy by using the model-free method of
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EVA-33/Dialkyl peroxide and EVA-33/Peroxyester peroxide can be estimated approximately 96
and 75 kJ/mol but it is not sufficient for estimation of the activation energy for manifold reactions
likewise the crosslinking reactions of EVA-33/Peroxyketal peroxide.

Furthermore, the MDR measurement can be used to estimate the gel content by using the
correlation of torque ratio (T-T,)/T, which achieved the difference less than 3% from the

conventional gel method.

5.2 Suggestions
This research should be adjusted in some points as follows:
1. The other properties such as mechanical properties and weatherability should be test.
2. The blend effect of the domestic and commercial EVA resin is interesting to study
because it can reduce the total cost.
3. The sample preparation for light transmittance test should be modified and lamination

by using the vacuum laminator should be applied to the test.
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Appendix A-1: Torque data of EVA-33/Peroxides compounds tables

Table A-1.1 Torque data of EVA-33/Dialkyl peroxide compounds cured at temperature 150-170°C

75

Torque [dNm] Torque [dNm)
time [min] time [min]
150°C 160°C 170°C 150°C 160°C 270°C

0.2 0.08 0.10 0.08 15.50 1.48 1.86 2.15
0.5 0.14 0.12 0.11 16.00 1.50 1.88 2.15
1.0 0.16 0.17 0.55 16.50 1.52 1.91 2.16
1.5 0.18 0.35 1.01 17.00 1.54 1.92 2.16
2.0 0.21 0.62 1.29 17.50 1.55 1.93 2,16
2.5 0.28 0.86 1.43 18.00 1.56 1.94 2.16
3.0 0.41 1.00 1.55 18.50 1.58 1.95 2.17
35 0.55 1.13 1.66 19.00 1.60 1.97 2.18
40 0.69 1.22 1.69 19.50 1.61 1.98 2.19
4.5 0.80 1.29 1.76 20.00 1.63 1.99 2.19
5.0 0.90 1.31 1.82 20.50 1.66 2.00 2.19
5.5 0.97 1.37 1.85 21.00 1.67 2.02 2.19
6.0 1.03 1.43 1.91 21.50 1.68 2.05 2.19
6.5 1.07 1.45 1.94 22.00 1.70 2.09 2.21
7.0 1.11 1.51 2.00 22.50 1.72 2.09 2.21
7.5 1.16 1.52 1.99 23.00 1.72 2.09 2.21
8.0 1.18 1.58 2.03 23.50 1.74 2.11 2.21
8.5 1.21 1.58 2.03 24.00 1.75 2.11 221
9.0 1.23 1.59 2.06 24.50 1.77 2.12 2.21
9.5 1.26 1.63 2.08 25.00 1.78 2.12 221
10.0 1.28 1.65 2.08 25.50 1.80 213 221
10.5 1.30 1.66 2.09 26.00 1.81 2.14 2.21
11.0 1.33 1.69 2.10 26.50 1.82 2.15 2.21
11.5 1.34 1.70 2.10 27.00 1.84 2.15 2.22
12.0 1.36 1.72 2.12 27.50 1.85 2.16 2.22
12.5 1.38 1.74 2.12 28.00 1.85 2.16 222
13.0 1.40 1.76 2.12 28.50 1.87 2.17 2.22
13.5 1.42 1.77 2.14 29.00 1.88 2.18 2.22
14.0 1.44 1.79 2.14 29.50 1.90 2.18 222
14.5 1.45 1.79 2.15 30.00 1.91 2.19 2.22
15.0 1.47 1.83 2.15




Table A-1.2 Torque data of EVAs/Dialkyl peroxide compounds cured at temperature 150°C
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Torque [dNm]

Torque [dNm]

time [min] time [min]
EVA-33 EVA-28 EVA-18 EVA-33 EVA-28 EVA-18

0.2 0.08 0.13 0.18 15.50 1.48 1.76 2.05
0.5 0.14 0.17 0.21 16.00 1.50 1.78 2.07
1.0 0.16 0.23 0.31 16.50 1.52 1.80 2.09
1.5 0.18 0.27 0.35 17.00 1.54 1.82 2.11
2.0 0.21 0.31 0.41 17.50 1.55 1.84 2.12
25 0.28 0.41 0.53 18.00 1.56 1.85 2.14
3.0 0.41 0.55 0.69 18.50 1.58 1.87 2.16
3.5 0.55 0.70 0.85 19.00 1.60 1.89 2.18
4.0 0.69 0.84 0.99 19.50 1.61 1.90 2,19
45 0.80 0.96 1.1 20.00 1.63 1.92 2.21
5.0 0.90 1.06 1.22 20.50 1.66 1.93 221
55 0.97 1.14 1.31 21.00 1.67 1.95 224
6.0 1.03 1.21 1.39 21.50 1.68 1.96 225
6.5 1.07 1.26 1.45 22.00 1.70 1.98 2.26
7.0 1.11 1.31 1.51 22.50 1.72 1.99 2.27
1.5 1.16 1.36 1.57 23.00 1.72 2.00 2.29
8.0 1.18 1.40 1.62 23.50 1.74 2.02 231
8.5 1.21 1.44 1.67 24.00 1.75 2.04 232
9.0 1.23 1.47 1.70 24.50 1.77 2.05 233
9.5 1.26 1.50 1.74 25.00 1.78 2.06 2.34
10.0 1.28 1.52 1.76 25.50 1.80 2.08 2.36
10.5 1.30 1.54 1.79 26.00 1.81 2.09 237
11.0 1.33 1.57 1.82 26.50 1.82 2.10 2.39
11.5 1.34 1.59 1.85 27.00 1.84 2.12 2.40
12.0 1.36 1.61 1.86 27.50 1.85 2.13 2.4}
12.5 1.38 1.64 1.90 28.00 1.85 2.14 2.43
13.0 1.40 1.66 1.93 28.50 1.87 2.15 2.43
13.5 1.42 1.68 1.95 29.00 1.88 2.16 2.45
14.0 1.44 1.71 1.98 29.50 1.90 2.18 2.46
14.5 1.45 1.73 2.01 30.00 1.91 2.19 2.48
15.0 1.47 1.74 2.02




Table A-1.3 Torque data of EVA-33/Peroxyester peroxide compounds cured at temperature

150-170°C
Torque [dNm)]
time [min)
150°C 155°C 160°C

0.2 0.10 0.10 0.11
0.5 0.16 0.17 0.16
1.0 0.27 0.51 0.96
1.5 0.56 0.96 1.63
2.0 0.84 1.22 1.95
25 1.02 1.37 2.15
3.0 1.15 1.48 2.29
3.5 1.24 1.57 2.39
4.0 1.29 1.64 248
4.5 1.35 1.70 2.54
5.0 1.40 1.76 2.60
5.5 1.43 1.79 2.65
6.0 1.48 1.84 2.68
6.5 1.49 1.87 2.71
7.0 1.54 1.90 2.74
7.5 1.55 1.93 2.76
8.0 1.58 1.95 2.77
8.5 1.60 1.97 2.79
9.0 1.61 2.00 2.80
9.5 1.64 2.00 2.81
10.0 1.66 2.02 2.81
10.5 1.67 2.03 2.81
11.0 1.68 2.04 2.81
11.5 1.69 2.05 2.82
12.0 1.70 2.05 2.82
12.5 1.71 2.06 2.82
13.0 1.72 2.06 2.82
13.5 1.73 2.07 2.82
14.0 1.74 2.07 2.82
14.5 1.74 2.08 2.82
15.0 1.74 2.08 2.82
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Table A-1.4 Torque data of EVA-33/Peroxyester peroxides compounds cured at temperature

150°C
Torque [dNm]
time [min}
0.10 phr 0.15 phr 0.20 phr

0.2 0.16 0.10 0.10
0.5 0.22 0.16 0.16
1.0 0.23 0.27 0.33
1.5 0.31 0.56 0.69
2.0 0.46 0.84 0.95
25 0.60 1.02 113
3.0 0.69 1.15 1.25
35 0.77 1.24 1.33
4.0 0.83 1.29 1.41
4.5 0.86 1.35 1.48
5.0 0.90 1.40 1.54
55 0.94 1.43 1.60
6.0 0.95 1.48 1.64
6.5 0.98 1.49 1.68
7.0 0.98 1.54 1.71
7.5 1.00 1.55 1.75
8.0 1.01 1.58 1.78
8.5 1.02 1.60 1.81
9.0 1.03 1.61 1.83
9.5 1.03 1.64 1.87
10.0 1.04 1.66 1.88
10.5 1.04 1.67 1.91
11.0 1.06 1.68 1.92
11.5 1.06 1.69 1.94
12.0 1.06 1.7 1.95
12.5 1.07 1.71 1.97
13.0 1.07 1.72 1.98
13.5 1.07 1.73 2.00
14.0 1.08 1.74 2.00
14.5 1.08 1.74 2.01
15.0 1.08 1.74 2.01
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Table A-1.5 Torque data of EVA-33/Peroxyketal peroxide compounds cured at temperature

150-170°C
Torque [dNm]
time [min]

150°C 155°C 160°C
0.2 0.10 0.10 0.10
0.5 0.16 0.19 0.31
1.0 0.48 0.73 1.08
1.5 0.81 097 1.23
20 0.95 1.04 1.24
25 1.01 1.08 1.26
3.0 1.03 1.09 1.26
3.5 1.05 1.10 1.28
4.0 1.06 1.11 1.28
45 1.07 1.12 1.29
5.0 1.07 1.12 1.29
5.5 1.08 1.13 1.29
6.0 1.08 1.13 1.29
6.5 1.09 1.14 1.29
7.0 1.09 1.14 1.29
7.5 1.10 1.15 1.29
8.0 1.11 1.15 1.29
8.5 1.11 1.16 1.29
9.0 1.11 117 1.29
9.5 1.11 1.17 1.29
10.0 1.12 1.17 1.29
10.5 1.13 1.17 1.29
11.0 1.13 1.17 1.29
1.5 1.13 1.17 1.29
12.0 1.14 1.17 1.29
12.5 1.14 1.17 1.29
13.0 1.14 1.17 1.29
13.5 1.14 1.17 1.29
14.0 1.14 1.17 1.29
14.5 1.14 1.17 1.29
15.0 1.14 1.17 1.29
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Table A-1.6 Torque data of EVA-33/Peroxyketal peroxides compounds cured at temperature

150°C
Torque [dNm]
time [min]
0.10 phr 0.15 phr 0.20 phr

0.2 0.09 0.10 0.10
0.5 0.17 0.16 0.20
1.0 0.35 0.48 0.67
1.5 0.64 0.81 0.96
2.0 0.82 0.95 1.07
25 0.91 1.01 1.11
3.0 0.97 1.03 1.15
35 0.99 1.05 1.17
4.0 1.00 1.06 1.19
45 1.01 1.07 1.20
5.0 1.01 1.07 1.22
5.5 1.02 1.08 1.24
6.0 1.02 1.08 1.25
6.5 1.03 1.09 1.25
7.0 1.03 1.09 1.26
7.5 1.04 1.10 1.27
8.0 1.04 1.11 1.28
8.5 1.04 1.11 1.29
9.0 1.05 1.1 1.29
9.5 1.05 1.11 1.29
10.0 1.05 1.12 1.30
10.5 1.05 1.13 1.31
11.0 1.06 1.13 1.31
11.5 1.06 1.13 1.31
12.0 1.06 1.14 1.32
12.5 1.06 1.14 1.32
13.0 1.07 1.14 1.32
135 1.07 1.14 1.32
14.0 1.07 1.14 11.32
14.5 1.07 1.14 1.32
15.0 1.07 1.14 1.32
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Appendix A-2: Cure properties of EVA-33/Peroxides compounds tables

Table A-2.1 Cure properties of EVA-33/ Dialkyl peroxide compounds at 150-170°C, 30 min

81

VA Content [Yowt)

Cure properties* Units 18 28 33
(EVA-18) (EVA-28) (EVA-33)
M, dNm 0.18 0.13 0.08
M, dNm 2.48 2.19 1.91
M, - M, dNm 2.30 2.06 1.83
t.10 min 2.00 2.15 2.39
£.90 min 21.15 22.25 23.23
CRI min” 5.22 4.97 4.80

* M, is Minimum torque; M,, is Maximum torque; M,-M, is Torque difference between maximum and minimum torque; t 10 is

cure time at 10% of cure state; t.90 is cure time at 90% of cure state; CRI is cure rate index with according to Eq. (2-14).

Table A-2.2 Cure properties of EVA-33/ Dialkyl peroxide compounds at 150-170°C, 30 min

Temperature [°C]
Cure properties Units
150 160 170
M, dNm 0.08 0.10 0.08
M, dNm 1.91 2.19 222
M, -M, dNm 1.83 2.09 2.15
t.10 min 243 1.39 0.71
t.90 min 23.23 19.55 7.03
CRI min’ 4.80 5.51 15.83

Table A-2.3 Cure properties of EVA-33/Peroxyester peroxide compounds at 150-160°C, 15 min

Temperature [°C]

Cure properties Units

150 155 160

M, dNm 0.10 0.10 0.10

M, dNm 1.74 2.08 2.82

M, - M, dNm 1.64 1.98 2.71
t.10 min 0.97 0.69 0.64

t.90 min 7.93 6.63 4.52
CRI min"' 14.37 16.85 25.74
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Table A-2.4 Cure properties of EVA-33/Peroxyketal peroxide compounds at 150-160°C, 15 min

Temperature [°C]

Cure properties Units
150 155 160
M, dNm 0.10 0.10 0.10
M, dNm 1.14 1.17 1.29
M, — M, dNm 1.04 1.07 1.19
t.10 min 0.57 0.52 0.37
t.90 min 3.15 2.29 1.30
CRI min’ 38.74 56.44 107.14

Table A-2.5 Cure properties of EVA-33/Peroxyester peroxide ranging from 0.10-0.20 phr

compounds at 150°C, 15 min

Peroxide concentration [phr]

Cure properties Units

0.10 0.15 0.20

M, dNm 0.16 0.10 0.10

M, dNm 1.08 1.74 2.01

M, -M, dNm 0.92 1.64 1.91
t.10 min 1.14 0.94 0.89

t-.90 min 7.20 7.93 8.73

CRI min” 16.49 14.37 12.76

Table A-2.6 Cure properties of EVA-33/Peroxyketal peroxide ranging from 0.10-0.20 phr

compounds at 150°C, 15 min

Peroxide concentration {phr]

Cure properties Units

0.10 0.15 0.20

M, dNm 0.09 0.10 0.10

M, dNm 1.07 1.14 1.32

M, - M, dNm 0.98 1.04 1.22
t-10 min 0.55 0.57 0.52

.90 min 3.05 3.15 4.28

CRI min’ 40.00 38.74 26.59




Appendix A-3: Torque data of EVA-28/Peroxides compounds tables

Table A-3.1 Torque data of EVA-28/Peroxyester peroxide compounds cured at temperature 150-170°C

Torque [dNm]
time [min]
150°C 155°C 160°C

0.2 0.20 0.15 0.14
0.5 0.24 0.24 0.28
1.0 0.43 0.96 1.89
1.5 0.95 1.99 3.01
2.0 1.34 2.47 351
25 1.57 2.7 3.79
3.0 1.71 2.86 3.98
35 1.81 2.98 4.12
4.0 1.89 3.08 4.24
4.5 1.95 3.16 433
5.0 2.01 3.23 4.41
5.5 2.06 3.30 444
6.0 2.09 3.34 4.49
6.5 2.13 3.39 4.50
7.0 2.15 3.44 4.53
7.5 2.20 3.46 4.54
8.0 2.22 3.49 4.56
8.5 2.23 3.52 4.57
9.0 2.26 3.54 457
9.5 2.27 3.55 457
10.0 2.29 3.57 4.57
10.5 231 3.58 4.57
11.0 232 3.58 4.57
115 2.33 3.58 4.57
12.0 2.34 3.58 4.57
12.5 235 3.58 4.57
13.0 2.36 3.59 4.57
13.5 238 3.59 4.57
14.0 238 3.59 4.57
14.5 238 3.59 4.57
15.0 238 3.59 4.57




Table A-3.2 Torque data of EVA-28/Peroxyester peroxides compounds cured at temperature

150°C
Torque [dNm]
time [min}
0.10 phr 0.15 phr 0.20 phr

0.2 0.21 0.20 0.19
0.5 0.24 0.24 0.23
1.0 0.34 0.43 0.62
1.5 0.64 0.95 1.36
2.0 0.99 1.34 1.73
2.5 1.22 1.57 1.92
3.0 1.37 171 2.04
3.5 1.48 1.81 2.14
4.0 1.54 1.89 222
4.5 1.61 1.95 2.29
5.0 1.64 2.01 2.34
5.5 1.68 2.06 2.40
6.0 1.71 2.09 2.45
6.5 1.74 2.13 2.50
7.0 1.74 2.15 2.54
7.5 1.77 2.20 2.58
8.0 1.79 222 2.62
8.5 1.79 2.23 2.65
9.0 1.81 2.26 2.67
9.5 1.82 227 2.71
10.0 1.82 2.29 2.72
10.5 1.83 2.31 2.74
11.0 1.85 2.32 2.76
115 1.85 233 2.77
12.0 1.86 2.34 2.79
12.5 1.87 2.35 2.80
13.0 1.87 236 2.81
13.5 1.88 2.38 2.82
14.0 1.88 2.38 2.82
14.5 1.88 2.38 2.82
15.0 1.88 2.38 2.82
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Table A-3.3 Torque data of EVA-28/Peroxyketal peroxide compounds cured at temperature

150-170°C
Torque [dNm)
time [min)
150°C 155°C 160°C

0.2 0.18 0.11 0.21
0.5 0.25 0.32 0.53
1.0 1.24 1.87 2.50
1.5 2.07 243 2.83
2.0 2.26 2.60 295
2.5 2.30 2.68 3.02
3.0 232 2.72 3.07
35 233 2.74 3.11
4.0 235 2.76 3.11
4.5 2.38 279 3.12
5.0 2.40 2.80 3.13
5.5 2.40 2.82 3.15
6.0 2.42 2.84 3.15
6.5 2.44 2.86 3.16
7.0 2.46 2.87 3.16
1.5 2.46 2.88 3.17
8.0 2.47 2.89 3.18
8.5 2.48 2.90 3.18
9.0 2.50 2.91 3.19
9.5 2.50 291 3.19
10.0 2.51 293 3.19
10.5 2.52 293 319
11.0 2.53 2.93 3.19
1.5 2.53 2.93 3.19
12.0 2.53 2.95 3.19
12.5 2.53 295 3.19
13.0 2.54 2.95 3.19
13.5 2.54 2.95 3.19
14.0 2.54 2.95 3.19
14.5 2.54 2.95 3.19
15.0 2.54 2.95 3.19
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Table A-3.4 Torque data of EVA-28/Peroxyketal peroxides compounds cured at temperature

150°C
Torque [dNm]
time [min]
0.10 phr 0.15 phr 0.20 phr
0.2 0.18 0.18 0.19
0.5 0.23 0.25 0.26
1.0 0.75 1.24 1.80
1.5 1.46 2.07 2.45
2.0 1.71 2.26 2.61
2.5 1.79 2.30 2.67
3.0 1.81 232 2.77
3.5 1.81 2.33 2.83
4.0 1.82 235 2.89
4.5 1.82 2.38 2.90
5.0 1.83 2.40 2.92
5.5 1.83 2.40 2.94
6.0 1.84 242 294
6.5 1.84 2.44 2.94
7.0 1.85 2.46 2.94
7.5 1.85 2.46 2.95
8.0 1.86 2.47 2.95
8.5 1.86 2.48 2.95
9.0 1.87 2.50 2.96
9.5 1.87 2.50 2.96
10.0 1.88 2.51 2.96
10.5 1.87 2.52 2.96
11.0 1.88 2.53 2:97
115 1.88 2.53 2.98
12.0 1.89 2.53 2.98
12.5 1.89 2.53 2.98
13.0 1.89 2.54 2.99
13.5 1.89 2.54 2.99
14.0 1.89 2.54 2.99
14.5 1.89 2.54 2.99
15.0 1.89 2.54 2.99
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Appendix A-4: Cure properties of EVA-28/Peroxides compounds tables

1. EVA-28/Peroxyester peroxide compounds
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Figure A-4.1 Cure curves of EVA-28/Peroxyester peroxide compounds at 150-160°C, 15 min.

Table A-4.1 Cure properties of EVA-28/Peroxyester peroxide compounds at 150-160°C, 15 min

Temperature [°C]
Cure properties Units

150 155 160

M, dNm 0.20 0.15 0.14

M, dNm 2.38 3.59 4.57

M, - M, dNm 2.18 3.44 4.53
t.10 min 0.97 0.68 0.59

90 min 7.12 5.11 3.53

CRI min’ 16.26 22.53 34.07
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Figure A-4.2 Cure curves of EVA-28/Peroxyester peroxide ranging from 0.10-0.20 phr

compounds at 150°C, 15 min.

Table A-4.2 Cure properties of EVA-28/Peroxyester peroxide ranging from 0.10-0.20 phr

compounds at 150°C, 15 min

Peroxide concentration [phr]
Cure properties Units

0.10 0.15 0.20

M, dNm 0.21 0.20 0.19

M, dNm 1.88 2.38 2.82

M, - M, dNm 1.67 2.18 2.63
t-10 min 1.06 0.97 0.79

90 min 6.05 7.12 7.21

CRI min’ 20.05 16.26 15.56
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Figure A-4.3 Cure curves of EVA-28/Peroxyketal peroxide compounds at 150-160°C, 15 min.

Table A-4.3 Cure properties of EVA-28/Peroxyketal peroxide compounds at 150-160°C, 15 min

Temperature [°C]
Cure properties Units

150 155 160

M, dNm 0.18 0.11 0.21

M, dNm 2.54 2.95 3.19

M, -M, dNm 2.36 2.84 2.98
t.10 min 0.58 0.52 0.48

t.90 min 2.61 241 1.76
CRI min” 49.30 52.95 78.19
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Table A-4.4 Cure properties of EVA-28/Peroxyketal peroxide ranging from 0.10-0.20 phr

compounds at 150°C, 15 min

15

Peroxide concentration [phr]
Cure properties Units

: 0.10 0.15 0.20
M, dNm 0.18 0.18 0.19

M, dNm 1.89 2.54 2.99
M,-M, dNm 1.71 2.36 2.80
t.10 min 0.61 0.58 0.57

.90 min 2.06 2.61 2.70

CRI min’ 69.37 49.30 46.91
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Appendix B

Isothermal Kinetic Analysis

Appendix B-1: Determination of activation energy using model-fitting and
model-free methods

Appendix B-2: Visual Basic code for conversion calculation of crosslinking reactions
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Appendix B-1: Determination of activation energy using model-fitting and

model-free methods

1. Conversion calculation of crosslinking reactions

The conversion at any given time can be calculated from the cure curves (e.g. Figure

B-1.1) as follows Eq. (2-15).

C (rt—M )\

L
! Coo MH_ML)

Where C, = concentration of crosslinks at time ¢
C» = final concentration of crosslinks (1->)
7;  =torque at time ¢ [dNm]
M = minimum torque [dNm]

Mpy = maximum torque [dNm]

(2-15)

E
Z.
=
-3}
=]
o
St
=]
=
_AD.’ ; !
SR ¢ 150°C 0O 160°C 4 170°C
& “ ——
O.O_wlnlllll:nll =|||1=1|||

Time [min]

20

25 30

Figure B-1.1 Cure curves of EVA-33/Dialkyl peroxide compounds at cure temperature

150 - 170°C for cure time 30 min.
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After applied Eq. (2-15), the conversion curves (Figure B-1.2) can be drawn.

1.0 B
0.8 T
g 0.6 T , ..,00 * 150°C

- D .
~ L 2

04 + 47 o 0 160°C
B L

02 £4° 2 A 170°C
N O ¢ S

0.0 _m‘l Lt { L4111 : 111 = | I T W | I [ I | } p 01 1
0 5 10 15 20 25 30

Time [min]

Figure B-1.2 Plots of conversion (o) versus cure time of EVA-33/Dialky! peroxide compounds

at cure temperature ranging from 150 - 170°C for cure time 30 min.

2. Determination of activation energy
2.1 Determination of activation energy using model-fitting method

After applied Eq. (2-15), the conversion data of crosslinking reactions can be
found. Then input these conversion data and reaction time into spreadsheet which programmed by
Visual Basic code as shown in Appendix B-2. Three reaction models were used in the computer
programming including 1) first-order model; 2) second-order model; and 3) third-order model.
The desired model was the first-order model which determined by %AAD (Absolute Average
Deviation). The comparison curves between conversion data from experiment and computer
calculation are shown in Figure B-1.3 to B-1.5. Tiie computer programmed calculation yields the
reaction rate constant (k) at any given temperature. The activation energy can be obtained from a

plot of In k versus 1/T.
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Figure B-1.3 Comparison curves between conversion data from experiment and computer
calculation (first-order model) of EVA-33/Dialkly peroxide compounds.
a) Cure temperature 150°C; b) 160°C; c) 170°C.
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Figure B-1.4 Comparison curves between conversion data from experiment and computer

calculation (first-order model) of EVA-33/Peroxyester peroxide compounds.
a) Cure temperature 150°C; b) 155°C; ¢) 160°C.
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Figure B-1.5 Comparison curves between conversion data from experiment and computer
calculation (first-order model) of EV A-33/Peroxyketal peroxide compounds.
a) Cure temperature 150°C; b) 155°C; ¢) 160°C.

2.2 Determination of activation energy using model-free method

Isoconversional model-free method was developed for mult reactions or
complex mechanism. The concept of this method involved the calculation of reaction time at
given extent of conversion and the activation energy can be found from a plot —In ¢, versus 1/T at
each . In order to estimate the overall activation energy, the activation energy data at each «
should be less variation. In the case of high variation occurred, the advanced isoconversional
method (AIC) [18] should be applied.

The reaction times were evaluated at conversion ranging from
0.1-0.9 by readirg time values at given extent of conversion as demonstrated in Figure B-1.6.
Model-free method was used to calculate activation energy at progressive degrees of conversion
without any modelistic assumptions. The standard model-free method was presented in

Eq. (2-21).

E
~Int = ln[ 4 )— aeff (2-21)
@ g(a) RT

A plot of —In t4 versus /T at eacha yields E,_, (from the slope) for that & regardless of the

neff

model.
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Figure B-1.6 Estimation of reaction time (z) at given extent of conversion.

Figure B-1.7 shows the plots of —In 1, versus 1/T of EVA-33/Dialkyl peroxide

compounds at cure temperature ranging from 150 - 170°C for cure time 30 min. The linear

regression equations of each extent of conversion and R-squared values are listed at right-hand of

the plots. The activation energy was calculated from the slop of — In ¢, vs. 1/T, and then was

plotted as Figure B-1.8. It can be seen that the EVA-33/Dialkyl peroxide crosslinking reaction

was able to estimate unique activation energy which is approximately 96 kJ/mol.

y=-13.173x + 30.074 R’ =0.9999
y=-1L172x + 25241 R’ =0.9966

y=-10.902x + 2441 R =0.9967

y=-10.922x + 24,26 R’ =0.9901

y=-11133x + 24515 R =0.9814

y=-11798x + 25.724 R’ = 0.9471
y = -12.552x +27.089 R = 0.9507

y=-12.026x +25.435 R’ = 0.8778

y=-10.25x +20.95 R’ =0.8552
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Figure B-1.7 Plots of —In ¢, versus 1/T of EVA-33/Dialkyl peroxide compounds at cure

temperature ranging from 150 - 170°C for cure time 30 min.
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Figure B-1.8 Plots of E, versus & of EVA-33/Dialkyl peroxide compounds evaluated by standard

model-free method.

Plot of conversion (@) versus cure time and plots of ~In ¢, versus 1/T of
EVA-33/Peroxyester peroxide and EVA-33/Peroxyketal peroxide cured at given temperature 150,

155 and 160°C are shown in Figure B-1.9 to B-12, respectively.
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Figure B-1.9 Plots of conversion (&) versus cure time of EVA-33/Peroxyester peroxide

compounds at cure temperature ranging from 150 - 160°C for cure time 15 min.
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Figure B-1.10 Plots of —In ¢, versus 1/T of EVA-33/ Peroxyester peroxide compounds at cure

temperature ranging from 150 to 160°C for cure time 15 min.
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Figure B-1.11 Plots of conversion (&) versus cure time of EVA-33/Peroxyketal peroxide

compounds at cure temperature ranging from 150 - 160°C for cure time 15 min.
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Figure B-1.12 Plots of —In ¢, versus 1/T of EVA-33/ Peroxyketal peroxide compounds at cure

temperature ranging from 150 - 160°C for cure time 15 min.
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Appendix B-2: Visual Basic code for conversion calculation of crosslinking reactions

Dim N9, M9, 1J
Dim Q9(5), X9(5), D9(5), O%(5), AXS, 6), CH5, 6), E9(500), R9(5), PI(5)

Dim G9(500), B9(500, 5), Z9(500), T9(10), Y9(5), S9(5), X(500)

Dim RT(500), V1(500), V2(500), gammal(500), x12_cal(500), x12_exp(500), w1(500}, w2(500)
Dim term1(500), term2(500), term3(500), term4(500), term5(500), Sum(500), Err(500)

Sub cal()
Set dataArea = Worksheets("CurveFit").Range("A1")

'Initial adjustable parameter ; K12

P9(1) = dataArea.Cells(4, 6).Value

'Check data numbers!
Fori=1 To 500
If dataArea.Cells(16 + i, 2).Value = "" Then
N9=i-1
Exit For
Else
End If

Next i

'Input experimental data
Fori=1To N9
wl(i) = dataArea.Cells(16 + i, 4)
x12_exp(i) = dataArea.Cells(16 + i, 3)

Next i

M9 =1 -

Marquardt

End

End Sub

Sub Marquardt()

'M9 = number of parameter, m
‘N9 = number of data, n

'P9(J) = the jth parameter
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‘R9(J) = code of jth parameter (= 0; fix = 1; changable)

'U9 = code of printing (=0; print : = 1; not print)

Z9(1)=2:Z%9(2) = 0.2: V9 =0.00001: T9(1) = 0: T9(2) = 0: Z9(4) = 0.0000001
Z9(3) = 0.00000005: F9 = 1.5: Y9(2) = M9 + |

RO(1)=1:R9(2)=1

Fori=1To N9
E9(1) =0

Next i

Func

S9(1)=0: T92)=T9(2) + 1: T9(4)=0

For K9=1To N9
S9(1) = S9(1) + EX(K9) ~ 2

Next K9

For19=1 To M9
T9(4) = T9(4) + Abs(RI(19))

Next I9

1 T9(4) = 0 Then
GoTo A2

End If

Mi=1

Set dataArea = Worksheets("CurveFit").Range("A1")
dataArea.Cells(M1 + 1, 17)=S9(1)
dataArea.Cells(M1 + 1, 18)=T9(1)
dataArea.Cells(M1 + 1, 19) = T9(2)
dataArea.Cells(M1 + 1, 20) = P9(1)
dataArea.Cells(M1 + 1, 21) = P9(2)

Al:

T =TI+ 1

Z9(1)=2

S9(2) = S9(1)

ForJ9=1To M9
Q9U9) = P9J9)

Next J9
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For K9 =1 To N9
G9(K9) = E9(K9)
Next K9
ForJ9=1To M9
IfR9(J9) < 0 Then
YO(1) = (Abs(P9(J9)) + Z9(4)) * Z9(4)
P9(J9) = P9(J9) + Y9(1)
Func
For K9=1To N9
B9(K9, J9) = (E9(K9) - G9(K9)) / YI(1)
Next K9
P9(J9) = Q9(J9)
End If
Next J9

[}

-——----Changing scale of matrix
For19=1To M9
X9(19) = 0: 09(19) =1
IfRH(19) < 0 Then
For K9=1To N9
X9(19) = X9(19) + B9(K9, [9) * G9(K9)
Next K9
For J9 =19 To M9
A9(19,19)=0
IfR9(J9) < 0 Then
For K9 =1To N9
A9(19, J9) = A9(19, J9) + BI(K9, 19) * BHK9, J9)
Next K9
End If
A9(J9, 19) = A%(19, J9)
Next J9
09(19) = Sqr(A9(19, 19))
X9(19) = X9(19) / 09(19)
GoTo Al
End If
AY(19,19)=1
ForJ9=19+ 1 To M9
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AN19,19)=0
A9(J9,19)=0
Next J9
Al:
Next 19
For19=1 To M9
For J9 =19 To M9
A9(19, J9) = A9(19, J9) / (O9(19) * 09(J9))
A9(J9, 19) = A9(19, J9)
Next J9
Next [9
29(5)=0

A4:
For[9=1 To M9
ForJ9=1To M9
C9(19, J9) = A9(19, J9)
Next J9
C9(19, Y9(2)) = -X9(19)
C9(19, 19) = C9(19, 19) + V9
Next I9

ForI9=1To M9
HY=19+1
For J9 = H9 To Y9(2)
C9(19, J9) = C9(19, 19) / C9(19, 19)
Next J9
For J9 =1 To M9
If 19 <> 19 Then
For K9 = H9 To Y9(2)
C9(J9, K9) = C9(J9, K9) - C9(19, K9) * C9(J9, 19)
Next K9
End If
Next J9
Next 19




For19=1To M9
D9(19) = C9(19, Y9(2)) / O9(I9)
P9(19) = Q9(19) + D9(19)
Next [9
Func
T9(2)=T9H2)+ 1
S9(1)=0
Z9(5)=Z9(5) + 1
ForJ9=1To N9
S9(1) =S9(1) + E9(J9) ~ 2
Next JO

Set dataArea = Worksheets("CurveFit").Range("A1")

dataArea.Cells(M1 + 2, 17) = S9(1)
dataArea.Cells(M1 + 2, 18) = T9(1)
dataArea.Cells(M1 + 2, 19) = T9(2)
dataArea.Cells(M1 + 1, 20) = P9(1)
dataArea.Cells(M1 + 1, 21) = P9(2)

If S9(1) < S9(2) Then

~-m-ommomemmeem-——-—-Judgement of convergence
T9(3)=0
ForJ9=1To M9

If Abs(D9(J9)) / (Abs(P9(19)) + Z9(4)) > Z9(3) Then

T93)=T9(3) + 1
End If
Next J9
If T9(3) =0 Then
If N9 - T9(4) > 0 Then
$9(3) = Sqr(S9(1) / (N9 - T9(4)))
A2:

End If
GoTo AS
End If
GoTo A6
End If

---------------------- Increase the value of lampda

104
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Z9(1)=2Z9(1)*F9
V9= V9 *Z(1)
Set dataArea = Worksheets("CurveFit").Range("A1")
dataArea.Cells(M1 + 1, 21) = V9
If V9 > 1000 Then
For19=1To M9
P9(19) = Q9(19)
Next 19
S9(1) = S9(2)
GoTo A2
End If
Ml =MIl+1
GoTo A4

A6:

Decrease the value of lampda
Ml =MIl+1
IfZ9(5) =1 Then
V9=V9*Z9(2)
GoTo A3
End If
GoTo A3

AS:
End Sub

Sub Func()
Set dataArea = Worksheets("CurveFit").Range("A1")

=1

Do While 1) <= N9

AT7:

Set dataArea = Worksheets("CurveFit").Range("A1")
'Input adjustable parameter for reaction rate constant

K12 =P9(1)



‘zero-order model

'x12_cal(1)) = wi(lJ) * K12

'first-order model

x12_cal(1))=1 - (1 / (Exp(K12 * wi(1]))))

'second-order model

x12_cal(ll)=1-1/(K12*wi(l)} + 1)

'third-order model

"x12_cal(l))=1-((1/(2* KI2* wl(I)))+ 1)~ 0.5)

‘Print out resulting values

Set dataArea = Worksheets("CurveFit").Range("A1")

‘dataArea.Cells(1J + 16, 5).Value = VI(1))
‘dataArea.Cells(lJ + 16, 6).Value = V2(1J)
‘dataArea.Cells(1J + 16, 7).Value = gammal(lJ)
dataArea.Cells(1J + 16, 8).Value = x12_cal(lJ)
dataArea.Cells(5, 6).Value = K12

=0+1

Loop

Sum(0)=0

Fori=1To N9
E9(i) = x12_exp(i) - x12_cal(i)
Set dataArea = Worksheets("CurveFit").Range("A1")
dataArea.Cells(i + 16, 9) = E9(i)
Err(i) = E9(i) / x12_exp(i)
Err(i) = Abs(Err(i))
Sum(i) = Sum(i - 1) + Err(i)

Next i

Set dataArea = Worksheets("CurveFit").Range("A1")
AAD = (100/N9) * Sum(N9)
dataArea.Cells(7, 6).Value = AAD

End Sub
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