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Abstract
Rojas Rodriguez, Freddy Ignacio; Marinkovic, Bojan (advisor). Real-time
aging of ethylene-propylene-diene rubber inside jacket layer of Electrical
Submersible Pump Cables under actual operating conditions. Rio de Janeiro,
2020. 278p. Dissertacdo de mestrado —Departamento de Engenharia Quimica

e de Materiais, Pontificia Universidade Cat6lica do Rio de Janeiro

The effect of aging in real time on the mechanical, chemical and kinetic
properties of copolymer ethylene propylene diene monomer rubber (EPDM) was
quantified, after being exposed to real operating conditions in the artificial
petroleum lift system, from the Peregrino field. (managed by Equinor Brasil Ltda.).
The EPDM rubber was collected from part of the mechanical protection cover
(Jacket) of the electrical supply cables of the electro-submersible pumps (ESP). The
study involves samples from 0, 2 to 4.8 years old and with depths ranging from 0,
760 to 2170 m below sea level. The aging was followed by studies of infrared
spectroscopy techniques by Fourier transform (FTIR) assisted with attenuated total
reflection (ATR), SEM electron microscope, along with energy dispersion X ray
spectrometer (EDX), simultaneous thermal analyzer (STA), reticulation fraction
measurement, hardness (Shore D scale), uniaxial traction tests and adsorption tests
in the protection fluid (Parker-fluid+safe-Scan). The stability of EPDM rubber was
studied by non-isothermal methods such as: Kissinger-Murray-White (KMW),
Ozawa-Flynn-Wall (OFW), Friedman (FR), combined kinetic analysis (CKA) and
correction of the combined kinetics analysis by isoconversion (CKA-ic). A5 %
oscillation in the apparent activation energy (E=248 kJ/mol) during the thermal
degradation of the material in N2, shows a reaction that produced a reaction order
(n=0.93), a pre-exponential factor (A=In(40 /mint)) and indicates that the material
does not suffer hydrolytic attack or oxidation degradation observed in aging tests in
the presence of water and compression. On the other hand, the properties of the
uniaxial tensile test show sensitivity to the depth of the samples, which may well
indicate degradation of amorphous areas of EPDM, a product of high temperatures

and pressures in the deposit.
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Resumo

Rojas Rodriguez, Freddy Ignacio; Marinkovic, Bojan. Envelhecimento em
tempo real da borracha de etileno-propileno-dieno dentro da camada de
revestimento dos cabos das bomba eletro-submersivel sob condigdes
operacionais reais. Rio de Janeiro, 2020. 278p. Dissertacdo de mestrado —
Departamento de Engenharia Quimica e de Materiais, Pontificia

Universidade Catélica do Rio de Janeiro

O efeito do envelhecimento em tempo real nas propriedades mecénicas, quimicas e
cinéticas da borracha de copolimero de copolimero etileno-propileno-dieno nao
conjugado (EPDM) foi quantificado, ap6s ser exposto a condicdes reais de operacao
no sistema artificial de elevacao de petréleo, do campo de Peregrino (administrado
pela Equinor Brasil Ltda.). A borracha EPDM foi coletada de parte da camada de
protecdo mecanica (Jacket) dos cabos de alimentacdo elétrica das bombas eletro-
submersiveis (ESP). O estudo envolve amostras de 0, 2 a 4.8 anos e com
profundidades que variam de 0, 760 a 2170 m abaixo do nivel do mar. O
envelhecimento foi acompanhado por estudos de técnicas de espectroscopia de
infravermelho por transformada de Fourier (FTIR) assistida por reflexdo total
atenuada (ATR), microscépio eletrdnico de MEV, juntamente com espectrometro
de dispersédo de energia (EDX), analisador térmico simultaneo (STA), medi¢do da
fracéo de reticulagéo, dureza (escala Shore D), testes de tracdo uniaxial e testes de
adsorcdo no fluido de protecdo (Parker-fluido+safe-Scan). A estabilidade da
borracha EPDM foi estudada por métodos ndo isotérmicos como: Kissinger-
Murray-White (KMW), Ozawa-Flynn-Wall (OFW), Friedman (FR), andlise
cinética combinada (CKA) e correcdo da cinética combinada analise por
isoconversdo (CKA-ic). Uma oscilacdo de 5 % na energia de ativacdo aparente
(E=248 kJ/mol) durante a degradacdo térmica do material em No, mostra uma
reacdo que produziu uma ordem de reacdo (n=0.93), um fator preexponencial
(A=In(40 /min™)) e indica que o material ndo sofre ataque hidrolitico ou degradac&o
por oxidacdo, comparando com 0s observada nos testes de envelhecimento na
presenca de 4gua e compressdo. Por outro lado, as propriedades do teste de tracéo

uniaxial mostram sensibilidade a profundidade de as amostras, o que pode muito
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bem indicar degradacéo de areas amorfas de EPDM, produto de altas temperaturas
e pressdes no deposito.

Palavras-chave

Envelhecimento em tempo real EPDM, Energia de Ativacdo de Degradacéo,

Correcéo do metodo de isoconversdo CKA (CKA-ic).
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1
Introduction

Ethylene-propylene-diene rubber (EPDM) is a thermoplastic polymer and it
achieved great importance in applications of electro-submersible pump cables
(ESP), due to its electrical/mechanical stability at temperatures from 245 to 450 K
and background pressure of 1800 PSI [1]. Due to these qualities, it is widely used
as insulation and/or protection of power cables in ESP.

Mano [2] described EPDM as synthetic rubber with a copolymer of "ethylene
+ propylene + non-conjugated diene™ elaborated by Ziegler-Natta catalysis, which
can be vulcanized if required. It is generally reinforced with carbon black and
possesses, at least, 2 wt.% of the diene. Some authors such as Mahapatra et al.,[3]
reported a diene content of 4 to 8 wt.% and in this case these are 2-ethylidine-5-
norbornene (ENB), dicyclopentadiene (DCPD) or 5-vinyl-2-norbornene (VNB).
This last author, extends the EPDM concept by indicating that the content ethylene,
can vary from 45 to 87 wt.%. In this sense, it seems that the term EPDM is
commercially applied to a family of copolymer formulations which are considered
rubbers and which properties can obviously be unique according to the formulation
obtained.

In Brazil, from 2000 to 2018, the National Agency of Petroleum, Natural Gas
and Biofuels registered that the oil production doubled in this period. One of the
reasons for this improved production is due to the efficiency of new technologies,
such as the use of modern Electrical Submersible Pumps (ESP). Statistics for 2019
agreed that ESP are responsible for 60% of world oil production[1]. On the other
hand, D. Harris et al.,[4] reported that 20% of failures are attributed to cable
problems with 2 years of operation and when studying the incidents in offshore
installations with 10 years of operation the percentage rises from 30 to 48%.

The decoupling of modern society from oil as an energy source depends on
population growth, the policies being adopted by each country or region, the

feasibility of access to new technologies, and cost-effectiveness. In this context, the
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IAE (International Agency for Energy) in "World Energy Outlook 2019"[5] states
that the demand for black gold will increase by about 1x106 bbl/d on average each
year until 2025 while will report a drop in demand by 2040. Although this
information is based on current statistics and geopolitical scenarios, it can be agreed
that oil will continue to be a necessary commodity in the world's supply.

In the specific case being studied here, Equinor shares with Sinochem the
management of an offshore oil field, located 85 km off the coast of Cabo Frio,
southeast of Rio de Janeiro/Brazil, in Campo Basin[6][7]. The field is called
Peregrino and has been operating since 2008 with oil of 13 to 15 °API, its reserve
is 2.5 billion barrels and an average production of 1 x 105 bbl/day. In this field, the
ESP systems support the reservoir from 30 oil production wells and 7 water re-
injection wells. On the surface the field contemplates two drilling-capable wellhead
platforms and Floating, Production, Storage and Offloading (FPSO). While below
the water level (depth over 95 meters) the wells are operating by artificial oil lifting.

Under the surface of the seabed there are complex completion systems, used
to manage production/pressure maintenance of the reservoir, integrated by several
sets of parts that are assembled by sections. As an example, Figure 1 shows a
completion design installed in Peregrine field reported by Ranjeva et al.,[7]. In this
same image, the basic elements that make up the ESP system, such as the pump and
its cable (originally represented in blue in the image), are highlighted within the red

circle.
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<« Cable and ESP

Ol Y1+Y2

Figure 1 Peregrino Field, Level 2, Dual Lateral Completion. Modified image from
Ranjeva et al.,[7] Multilateral level-5 dual long horizontal openhole gravel pack
completion on the peregrino field, Proc. - SPE Annu. Tech. Conf. Exhib. 4 (2014)
2964-2979.

Honorio et al.,[8] described the type of cable used in the Peregrino deposit,
corresponding to 3 metallic copper conductors with thickness to 1 AWG (Appendix
Al) and containing the following components: a) metallic conductor responsible
for transmitting the current (copper conductors), b) insulating layer in contact with
the metallic conductor which decreases the leakage of current and is manufactured
with EPDM CL-90, c¢) waterproofing cover with high dielectric constant made of
polytetrafluoroethylene (PTFE), d) Jacket or mechanical protection layer, a second
layer of EPDM, with the formulation CL-185, e) metallic armor made from
galvanized or stainless steel. Up to this point, the cable has been described as such,
but it is also common to find attached elements such as lines for fluid injection or
hydraulic control. As shown in Figure 2, it is feasible to adapt the cable to the
required applications, turning it into an umbilical cord between the surface and the

bottom of the well.
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injection lines

Figure 2 Cable ESP Baker Hughes Incorporated.

Williams et al.,[9] argue that the oil industry wants to extend the life of their
ESPs. Authors agreed that in extreme conditions as those of a field, the absence of
information about ESP aging presents a challenge for oil industry.

The objective of this work is to analyze the effects of aging suffered by the
rubber of the mechanical protection cover or the cover of the ESP cable. Rubber
used in operating conditions of 2 and 4.8 years in the Peregrine field in wells A-29
and B-17. Furthermore, the challenge is to quantify the change in its properties due
to aging and to predict the life of the material exposed to similar conditions. In this
way, we can provide accurate information for ESP technology, capable of being
used as a basis for planning maintenance or preventive replacement of ESP cables,
making the best possible investment budget and maximizing production.
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2
Literature review

2.1.
Copolymer of "ethylene + propylene + unconjugated diene"

Formally, when the acronym EPDM is used, it refers to the copolymer of
"ethylene + propylene + unconjugated diene”, which is composed of the three
polymers, falls within the group of terpolymers (Figure 3)[2]. The placement of
various additives that can vary as colorant, stabilizer or filler is common in all
polymers. The need for the placement of additives is linked to the stage of
processing or use for which the material or application is required. For example, in
the processing stage, auxiliary additives may be required to stabilize the material or
improve its finish by making the final product more attractive, while UV additives
are typical for purposes where the material is exposed to the environment

specifically to sunlight. or radiation with this similar wavelength[10].

a) —_
-CH,-CH; CHZ-CIH
CH,
€ p ]
CH-CH
2ld

b | | Cem,-cH, CH,-CH — =]
e Pl \
CH=CH,
L - — %k
) | ||-cHo-CHsA chy-cH 3 -]
CH,
e P
L L —d Jy

Figure 3 Molecular structures of EPDM whit different diene a) 2-ethylidine-5-
norbornene (ENB), b) dicyclopentadiene (DCPD), ¢) 5-vinyl-2-norbornene (VNB).
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The variety of additives on the market involves products to help release
molds, odors, colors, antistatic, slip and much more variety with specific uses such
as blowing agents, fillers, magnets, heat stabilizers, degradation accelerators and
even other polymers. The selection of the additive is the task of the producer and/or
processing agent, they know the level of specialization that the polymeric material
requires. Fillers are controversial additives that are added to reduce the volume of
polymeric material, but sometimes a correct design and selection of this filler
complements and improves the properties of the material. These latter materials
with significant filling proportions enter the field of composite materials. It is
possible to find additives with multiple qualities such as carbon black that gives it
a dark color, serves as a filler in the polymer matrix, reducing costs, but when used
with EPDM it increases some mechanical properties[11].

EPDM rubbers are among the three most commercially important synthetic
rubbers in the world, along with styrene-butadiene and butadiene rubbers[3]. In
2017, a market size of USD 3.90 billion was estimated and a compound annual
growth rate (CAGR) of 6.5% is projected for 2018-2025[12]. The fields in which
EPDM is used are varied: construction, cables, electricity and electronics, plastic
modifications, automotive, tires and tubes, among others. The most prominent field
in its use is in automobiles where it is used as window and door seals, hydraulic
brake system seals, belts, and lubricant additive to improve performance. Among
the qualities that make the material attractive as seals or membranes is its low
permeability to oxygen and ozone as a result of the unsaturation present in the side
chains. In the field of cable sheathing, vehicle construction and manufacturing,
properties such as flexibility, weather resistance, resistance to heat and UV
radiation make the material attractive and competitive[3][13].

The synthesis of EPDM is carried out by heterogeneous catalysis with Zigler
Nattan type catalysts that randomly incorporate blocks of polyethylene,
polypropylene and a diene forming the main chain[14]. The continuity of the
polyethylene and polypropylene blocks gives the material the ability to crystallize,
facilitating resistance to organic solvents and resistance to heat. Non-polar
polyolefin chains when crystallized provide resistance to organic and inorganic
acids in addition to increasing mechanical strength. Whereas the random

incorporation contributes to form amorphous zones. Among the dienes reported in
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the literature are (ENB), dicyclopentadiene (DCPD) or 5-vinyl-2-norbornene
(VNB)[3].

EPDM is typically a thermoplastic elastomer that, with the support of the
additive processing and placement step, can be vulcanized to become a thermoset
material. EPDM is versatile due to properties that come into conflict and can be
characterized as a thermoplastic or thermoset material. The boundary property that
allows predicting the predominance of the thermoplastic character is the ability to
flow when heated, this same property is extended to its ability to become dissolved
by solvents. The condition that a manufacturer uses to control thermostability is the
degree of vulcanization of the rubber. In cases with low or non-existent degree of
vulcanization the heated material can flow as a liquid (Thermoplastic). On the other
hand, the high degree of vulcanization turns the material into a three-dimensional
network that at temperatures higher than the melting temperature of EPDM,
preventing the displacement of sections of the material chain from occurring as they
are tied by atomic bonds as a consequence of the crosslinking of the polymeric
chains (thermostable). By including cross-linking within the polymer matrix
through the vulcanization process, some properties are modified[15]. P. Sutanto et
al.,[16] show the variation of mechanical properties such as: hardness, elongation
at break, compression and tensile strength with the degree of vulcanization

The diversity of EPDM copolymers are feasible consequences of the
preparation of copolymers by changing the individual content of polyethylene,
polypropylene or diene chains[17]. Another way to prepare different EPDM
copolymers is to vary the monomer content, each with its unique properties[18]. PE
content controls the EPDM crystallinity, whereas the decrease in crosslinking
density and the increase in chain scissions are consequences of a higher PP content.
Moreover, the higher the diene content, the higher is the crosslink density.

Under the commercial approach or in less formal language, the term EPDM
is used to refer to the rubber applications of this terpolymer regardless of the variety
or quantity of additives with which they are mixed. Table 1 shows the varieties of
EPDM rubber formulations used by various authors, showing formulations with a
high content of the EPDM terpolymer where logically the name EPDM rubber is
used for obvious reasons, but the formulation with 26 % of the EPDM copolymer
and 61 % by weight of filler which is still known as EPDM rubber despite
containing a small proportion of the polymer.
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Table 1 Example of EPDM rubber formulations.

%
% % . Other
Autor EPDM  Additives oot O filer
ack
S. Mitra et al.[19] 93 7
T. Nakamura et al.[20] 62 2 36
Q. Zhao et al.[21] 52 6 31 11
Y. Seo et al.[22] 48 18 2 32
D. Bouguedad et al.[23] 26 13 61
2.2,
Aging

The term aging is associated with the change of properties of a substance as
a consequence of the passage of time. These property changes can occur when the
material is exposed to an environment, radiation source, mechanical process, or its
own instabilities. Changes in the properties of a substance are attributed to
irreversible physicochemical change processes such as: oxidation, ionization,
decrease in free volume, de-vulcanization, formation or breaking of atomic bonds
and various phenomena that modify the original substance over time. The aging
processes can extend to the degradation or transformation of the material to
complete disintegration. Temperature, as in any chemical process, plays a
fundamental role in accelerating the transformations that matter undergoes.

The aging process is evaluated in real time or in accelerated time. The first
real-time condition is achieved by exposing the material to real conditions,
evaluating the change in properties over time. The second accelerated time
condition is achieved by exposing a material to simulated conditions with greater
intensity than the real ones, causing the degradation to occur more quickly and
therefore the time is shorter. The preference of the industry or different authors is
to use accelerated time experiments since the results are obtained much more
quickly. Real-time experiments are rarer due to the cost of time to expose the
samples.

Physical aging commonly occurs in polymers with excess free volume when
finding the material below its glass transition temperature (Tg), the chain sections
remain rigid, therefore the material is a glass that is not in Balance. With increasing

temperature, the kinetically constrained polymer chains relax as a result of the
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movement of chain segments that are commonly concentrated at separate points in
the material block. Ultimately, this causes portions of the material to randomly
decrease their free volume causing non-uniform densification in the material.
Therefore, the random decrease in free volume induces failures, stress
concentrators, irregularities ranging from surface imperfections to mechanical
failures[24].

Seo Y. et al.,[22] reported differences of 30% in the activation energy in
thermo-oxidative processes after aging at different times and temperatures. The
aging of the EPDM samples was reproducing refrigerant fluid leaks from nuclear
power plants that use the material in electrical cables and where the EPDM rubber
material is extracted in cable covers. They also report that elongation at break tends
to decrease with increasing temperature as a result of aging.

Studies on the aging of EPDM gaskets were carried out by C. Li et al.,[25]
when exposing the material to stress by thermo-oxidation and compression,
highlighting that the phenomenon of thermo-oxidation produces carbonyl groups.
and that of the separation of the compression phase between the polymeric matrix
and the carbon black. In high temperature tests (150 °C) they reported that
crosslinking reactions dominate over chain cleavage reactions. Their data revealed
that aging is more severe with higher temperatures and compressions, showing in
particular that thermo-oxidation reactions cause an increase in Tg and a decrease in
free volume, while the effect of compression aging induces the opposite effect
(decrease in Tg and increase in free volume). Kémmling et al.,[26] agree that chain
cleavage and crosslinking reactions are simultaneous phenomena during material
aging and that it is almost impossible to differentiate which phenomenon has the
greatest influence at temperatures below 125 °C for EPDM.

Q. Zhao et al.,[21][27] expose EPDM samples in meteorological cameras and
simulated ultraviolet radiation with a maximum of 90 days, reporting an increase in
Links. They also propose a plausible mechanism for the formation of carbonyl
groups by keeping the material under UV radiation and an oxidizing environment.
Confirming C=0 groups by FTIR with bands at 1734 cm™ and whose concentration
increases with time. The formation of C-O-C groups on the surface of the material
was followed by bands at 1159 and 1050 cm™. Furthermore, they exhibit increases
in tensile strength with increasing cross-links reaching a maximum that drops

sharply with the progress of degradation
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T. Sarac et al.,[28] experienced the aging of a mixture of EPDM/EVA/filler
with a composition of 40/10/50 % by weight, under oxidizing atmosphere and N>
at different temperatures and gamma radiation dose. Reporting different behaviors
of mechanical properties after aging. With the particularity that thermogravimetric
analyzes show dependence with temperature and the dose of gamma radiation only
in oxidizing atmosphere, while in N2 it remains constant.

Aging in an EPDM sample with only 7% crosslinking additives (peroxides
and process accelerators) was carried out by chemical attack with a highly oxidizing
mixture (Cr(VI1)/H2SO4 at 20% w). S. Mitra et al.,[19] experiment for 12 weeks
resulting in a decrease in cross-links, according to reports of an increase in carbonyl
groups and an increase in some mechanical properties like tensile strength. On the
other hand, they conclude that the higher molar masses and the higher level of
branching of the chain facilitate degradation by hydrolytic attack or chemical
degradation.

T. Nakamura et al.,[20] evaluated the aging in real conditions of the seals of
the water systems made with EPDM rubbers and used for 3 years at temperatures
of 20 to 45 °C produced water . The EPDM chain structure underwent oxidation
and polymer chain breaking, likely resulting in carbonyl groups, esters, and double
bonds. As a consequence of the degradation, the crosslink content and the surface
hardness were reduced by half.

M. Kalaee et al.,[29] show an unexpected effect when varying the proportion,
morphology and size of the zinc oxide particles used as fillers for EPDM rubbers.
They reported that the activation energies and reaction order for thermodegradation
in the presence of N2 varied from case to case. Activation energy values can even
double due to better reinforcement of the nano-sized zinc oxide particles. Show that
the degradation of the material is linked to both the terpolymer and the additives

present in the mixture.

2.3.
Differential thermal analysis (DTA)
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Differential thermal analysis begins by quantifying over time the variation of
the physical properties of a material. In particular, thermogravimetry makes it
possible to evaluate the change in mass of a material with temperature at different
heating rates. Although Roberts-Austen has reported DTA since 1899, it was not
until the mid-20" century that it became commercial[30]. Over the vyears,
technology and various methods are developed, in the field of kinetics isothermal
and non-isothermal methods are proposed. Researchers such as: T. Akahira et al.,
1925[31], H. Kissinger 1956[32], H. Friedman 1964[33], A. COATS et al.,
1964[34], T. Ozawa 1965[30], M. Starink 2003[35] and other have worked on non-
isothermal methods for calculating the energy of activation, reaction order and pre-
exponential factor magnitudes required to make the kinetic description of a process.

The use of parameters such as the Arrhenius activation energy to estimate
durability or stability of polymeric materials is proposed by S. Ding et al.,[36]
reporting that the activation energy of degradation in thermal processes is related to
the rate of brittleness of the material.

F. Shehzad et al.,[37] synthesized 2 different polyethylene, showing how the
new product prepared with Hybrid Graphite-LDH supported zirconocene presents
higher thermal stability compared to the traditional preparation without zirconocene
catalytic support. The higher thermal stability of the product in the new synthesis is
evidenced by its higher activation energy, which is calculated using the non-
isothermal Starink method. Both the Starink method and the Kissinger method use
the peak temperature of the DTA graph and both agree that a higher peak
temperature implies a greater thermal stability and therefore a greater activation
energy.

J. Badia et al.,[38] works with multiple reprocesses by extruding a virgin
polyethylene terephthalate (PET) in the presence of oxygen. As PET is a material
susceptible to oxidative thermodegradation, it is shown that there is a decrease in
activation energy with chain breakage as a consequence of the thermal, mechanical
and chemical process. The kinetic parameter calculation method was performed
under non-isothermal conditions evaluating 6 methodologies: Ozawa-Flynn-Wall
(OFW), Kissinger - Akahira - Sunose (KAS), Vyazovkin, Master-Curves, Perez-
Magqueda and Coats - Redfern. During each reprocessing stage, organic substances
with evidence of decomposition such as benzaldehyde, aldehyde, CO, and CO are

recorded.
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C. Gamlin et al.,[39] present evidence of how the thermal stability of EPDM
rubbers is affected by varying the ethylene/propylene ratio in the copolymer.
Showing greater stability to thermal degradation by increasing the ethylene content.
They reported values for the activation energies obtained by OFW for each mixture
in a range of 144 to 203 kJ mol ™.

The mechanical, viscoelastic behavior and kinetic properties of
chlorosulfonated polyethylene rubber (CSM) and ethylene propylene diene
terpolymer (EPDM) are evaluated and compared by T. Naruse et al.,[40] using
Arrhenius equation methods and OFW are able to study degradation energies in a
range of 80 to 120 °C. As the activation energies are reported in the isoconversion
condition, the phenomenon of dependence between the activation energy is
observed and conversion. Furthermore, they report that the fatigue resistance was

in agreement with the activation energy of thermogravimetry

2.4.
Kinetic fundamentals

Vyazovkin et al., [41] consider that the adequate description of a reaction
kinetic depends on the triple kinetic, referring to the following 3 parameters:
activation energy, pre-exponential factor and order of reaction.

In other terms and applied to this study, it is being indicated that Kinetic
parameters such as activation energy, pre-exponential factor and order of reaction
are essential elements to build a kinetic model, capable of expressing the aging of
EPDM rubbers extracted from ESP cable jackets.

Taking advantage of the potential offered by a kinetic model to predict the
useful life of a material, allowing us to have well founded criteria to order the
maintenance or replacement works of the material, in operational conditions of the
reservoir, where each intervention on a well represents a high monetary cost. It is
necessary to use the kinetic method that contemplates the kinetic triplet.

In this section of kinetic fundaments, a summary of concepts, principles and

mathematical developments used in Kkinetic methods based on non-isothermal
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conditions are presented. Additionally, a proposal for non-isothermal kinetic studies
by the Combined Kinetic Analysis (CKA) method under isoconversion conditions

are introduced.

2.4.1.
Rate of reaction

The starting point for the analysis of the kinetics of a reaction is exposed by
equation (1) [42]. It describes the variation of the conversion (o)) with respect of the
time (t) showing its dependence with the product of 2 terms k (T) and f (o).

da 1)

= kD fla)

The first term of equation (1), identified as the speed constant (k(T)) is
defined by S. A. Arrhenius by equation (2)[43]. In the Arrhenius model is grouped
the influence of effective collisions, dependent on direction and area of contact,
with the number of clashes between the agents that come into contact. In this way,
it is presented the recognized constant effective frequency factor or pre-exponential
factor (A). On the other hand, Arrhenius equation indicates the existence of a
minimum energy (activation energy=E) necessary for the fraction of agents coming
into contact to be transformed into a product at an absolute temperature (T). Finally,

completing the dimensional changes of the units using the universal gas constant R.

K(T) = A e R @)

The second term of equation (1), f(a) is identified as the conversion function
or reaction model. Reaction model is considered the mathematical interpretation of
the instantaneous variation of the amount of reacting agents involving the chemical
process executed by them to transform. Additionally, from this conversion function
it can be understood how the reagents are affected by the mechanism with which
they transformation to products. In several non-isothermal kinetic studies this f(a)
Is omitted, as it is described in the research of Friedman[33]. For other authors such
as Coats et al.,[34] it is indispensable to indicate an adequate reaction model for a
correct computation of the kinetic parameters.

Equation (3) is a characteristic expression applied in solid state reactions.
Gamlin et al.,[39] use it in the degradation of EPDM. Identifying the variables:
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n=order of reaction, Wr=the non-converted mass-fraction at any time or
temperature and a=the conversion.
fla)=1-a)" =Wy @)
The transformation to conversion (o) of the mass data is easily done by
equation (4). Defining its variables: initial mass (wo), mass at temperature T (wr)
and final mass (Wx).

Wo — W
o Yo wr @)
Wo — W

Alternatively, equation (5) is proposed when the complete consumption of

the analyzed material occurs or an isolated transformation phenomenon is studied.
qWoTWr g Wy, (5)
Wo Wo
Returning to the kinetic deductions, equation (2) is substituted in (1) to
generate equation (6), which is the basis of the approaches for kinetic studies under
isothermal conditions. Defining the change in the amount (da) of a reaction agent
over time (t).

d
d_‘; =A e_%f(a) ©)

It is viable to make the transformation of equation (6) to non-isothermal
conditions based on the fact that temperature and time are varying simultaneously.
Using the heating rate (@) to perform the transformation, as expressed in equation
(7).

dT (7

0=—

Including equation (7) in equation (6), it describes the basis of the non-

isothermal models in equation (8).

da A _E (8)
_— = = RT
Starting from equation (8), kinetic studies have focused on two classical

trends[42]:
-Derived methods. Taking advantage of the mathematical properties of the
logarithm and applying on the equation (8) it is possible to deduce the equation (9).

fdda _E 9)
lnﬁ =InA f(a) RT

-Integral methods. Organizing variables of the equation (8) and looking for

the diverse solutions for the defined integrals, the integral function (g (o)) was
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deduced in the equation (10)[44]. Culminating in equation (11), estimation that
compensates by approximation the reaction model (f (a)). With the purpose of
finding the solution of the temperature integral (P (x)), which is not solved
analytically.
“da A (T _E (10)
a) = ——=—| e RTdT
9¢ o fl@) @Jp,

9(@ = 2 PG (1)

Commonly, the first step in solving equation (11) is to approximate P(x) to a
polynomial form. Doyle[45], proposed to do the following consideration: x=ERT
and applying expansions of asymptotic series, as below in equation (12).

P(x) = ‘;;2 (12)

Budrugeac [46] experimented with CaC204-H20 dehydration and compared
the results of derived and integral methods publishing differences between the
obtained results and reports discrepancies that can range from 20 to 70% in the

computation of activation energies.

2.4.2.
Isoconversion approach

Vyazovkin et al.,[47] agreed that it is possible to predict the variation in
conversion with respect to time under non-isothermal conditions. They maintaining
as a basis that the reaction rate is a function only of temperature at a constant
conversion (ai). This approach is known as the isoconversion approach.

Particularly, the differential methods of isoconversion approach is supported
by applying logarithm in equation (6). So that, developing equation (13) as
following[48].

ln‘;—: =Ink(T) +In f(a) (13)

Proceeding with the partial derivative with respect to (1/T) of equation (13)
in the isoconversion condition leads to equation (14).
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da. 14
dln-gtl  [3lnk(T) dln f(a,) 4
aT-1 aT-1 aT 1

a;
Vyazovkin et al.,[49] agrees with Friedman[33], who considers f (i) as a
constant in the temperature range and by definition this term is replaced by zero

giving the equation (15).

da,- 15
Oln-z  [9Ink(T) (15)
or-t | [ art |

a;
Based on the Arrhenius model (equation (2)) and deriving again by the
inverse of the temperature (1/T), the equation (16) is deduced.
(16)

aT-1 - R

o

E
Olnk(T)| |0lnAe RT|  E,
aT-1 B

Introducing equation (16) in (14), leads to equation (17), which describes the

dependence of conversion with time under isothermal conditions.

da; 17
dln dtl _ _& (17)
aT-1 R

a;
Including the definition of heating rate of equation (7) within equation (17) is
presented the model developed for non-isothermal conditions for the methods

derived from equation (18).

da;
dIn o K, (18)
aT-1 R

ai
Budrugeac et al.[50] summarize with equation (19) the equivalent

isoconversion computation model for integral methods.

g(a)  Eg (19)
A "TR| _Ea
aT-1 " R

a;

dln
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2.4.3.
Free Kinetic Model (MFK)

Starink[35] explains the MFK model, which has been used in the literature to
group kinetic methods by derived and integral methods under non-isothermal
conditions where reaction models f(a) are excluded. Friedman[33] considers that
the reaction model is independent of the temperature, while other authors such as
Ozawa[51] include approximations in the integral methods to mathematically

compensate the use of f(a).

2.4.3.1.
Kissinger model (KMW)

This method also known as Kissinger-Murray-White[52] (KMW), adding the
contributions of the researchers who developed this integral method, proposes the
following mathematical model of the equation (20) [53].

1) _ E AR et (20)
In (ﬁ) = —m + ln?+ In[n(1— a,,,)" ]

KMW proposed a maximum temperature (Tm) for each particular heating
speed, acquiring its absolute value in Kelvin from the graph Z—"‘ vs. T, reported in
T

d%a
daT?

the condition of —=0. Similarly, am is the corresponding conversion at maximum

temperature, deductible from the TGA graphs. Pal et al.,[54] reported that it is
typical to observe the variation of the conversion at the maximum reaction speed,
changed into individual values of the heating rate.

An important condition of this model is the order of reaction n=1 according
to Farjas et al.,[55] in order to reduce the equation (20) to a linear model as shown

in equation (21).

[ p— In—
RT, " " E

In (T(Z;n ) E AR (21)
In the cases where the reaction order n#1 has been found, the solution for the
integral function (g (o)) is invariable at a fixed conversion. This is equivalent to
including in the term In[n(1 — «,,,)® 1] a single value of the reaction order (n) and
a fixed conversion (o), resulting in consequence that In[n(1 — a,,)"™ ] is constant.

Changing the equation (21)in the equation (22).
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o\ E AR 22)
In (ﬁ) =~ rr, "M Eg@

AR
Eg(a)

Balart et al.,[48] agree to the term In a constant to reduce the equation

(22) to the equation (23), this allows to obtain the tangent of the line hence the
activation energy. But it is not always possible to solve for the frequency factor

1) E (23)
In (ﬁ) =— m + Constant

According to equation (22) Akahira-Sunose[31] applied the isoconversion to
the integral method of KMW. They studied by this way integrals defined in the
calculation and develop what is known as KAS (Kissinger-Akahira-Sunose). Useful
technique to obtain the profile behavior of the activation energy by the

isoconversion approach.

2.4.3.2.
Ozawa-Flynn-Wall model (OFW)

Ozawa's[51] developed a comprehensive method under isoconversion
conditions using Flynn-Wall's P(x) approximation (equation (24)).
logP(x) =—-2.315—-0.4567x (24)
Further adjustments as recommended in ASTM E698[56] change the
approximation to that shown in equation (25).

P(x) = (x +2)*(x7")(e™) (25)
Equation (26) shows the proposal of T. Ozawa[48].
0.4567E AE (26)

log® = — —logg(a)—2.315+log?

RT,
Equation (26) takes a form of a line, considering equation (27) where T is
also the temperature in Kelvin read at a constant conversion at different heating

rates.

0.4567E 27)
log) = ————— + Constant
RT,

Standard ASTM EG698[56] sets out additional procedures for computing
activation energy with corrections. Additionally, Standard ASTM E698 indicates
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that equation (28) can be applied to obtain the frequency factor assuming an order
of reaction of 1.

E
QEeRT (28)

A=
RT?

2.4.3.3.
Friedman model (FR)

Friedman [33] started directly from the derived method shown in equation (9)
fix variables and apply logarithm. Report the equation (29), with which it achieves
linear plots "if" is applied on the straight line at constant conversion. Thus Friedman
obtains data from a straight line (slope) by plotting the following mathematical
expression

dda; E,
dT =1In Aa,f(“;)—ﬁ

A formal proposition of the Friedman proposition is understood by equation

(29)

In

(30). As can be seen, it is only possible to evaluate the activation energy.

d Eq (30)
dln @d;‘l B 6<lnA + f(a; RT) K
aT-1 B aT-1 R

a; a;
Friedman evaluated through equation (31) the order of reaction and the
frequency factor. He indicated that his model would have a linear behavior but his

own results show deviations from this behavior at the edges of the plotted data.

Wr — W,
InA,, f(a;) =InA—nln (Tw—> (31)
0

Budrugeac et al.,[50][57] indicated that the results of the activation energy
obtained by the Friedman method can be affected by the conversion, resulting in
different values when compared with the results of activation energies computed by
OFW. Proving his statement with equation (32)

da (32)
d lnﬁ

Epp=E 0.052E —R| ————
FR Fwo t FWO 3T-1
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2.4.4.
Combined Kinetic Analysis model (CKA)

This model is based on methods derived from calculations under non-
isothermal conditions. Unlike MFK, the CKA method proposed a starting reaction
model f(a). Its development begins by applying logarithm directly to equation (8)
thus developing equation (33).

ln(@j—:)=—%+lnf(a)+lnA (33)

Some recommendations of several authors such as Sestak et al.,[58] to select
an f(a) reaction model to use in CKA, start by using the proposals reported in
previous isothermal studies. Gamlin et al.,[59] directly use the simple model for n'"
order f(a) = (1 — )™ for n™ order (n), described in equation (3). Incorporating in
equation (33) therefore, equation (34) is developed.

da E (34)
—_ ] = - — — n
In ((D dT) BT +In(1—-a)"+1In4A

This equation is very useful depending on how it can be manipulated
mathematically, getting the two following expressions. The calculation of the order
of the reaction is reported by Gu et al.,[53] using the equation (35).

da (39)
oar

_E
e RT

In =nln(1—a)+1InA

On the other hand, Balar et al.,[48] introduced equation (36) for the
calculation of the activation energy
da (36)

O IT E

1 —
"M aZon RT

To complete the analysis by this method, an internal calculation process can
be proposed for the values of n and E as shown in equation (37)
da da (37)
P —= P —=
ar_\, = _,| 24T

_ E
(1—a)" | RT )

In —nln(1 - a)
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2.4.4.1.
Combined Kinetic Analysis by Isoconversion model (CKA-i)

A novel calculation proposal is born by applying the isoconversion
approximation to equation (36) expressing this modification as shown in equation
(38).

da \] (38)
dT
aln| —4L_
(1—a)" _E
_ 6( RT+lnA) :_Ea,-
aT-1 aT-1 R

lg,

Equation (38) unlike the Friedman method (equation (30)) is clearly including
the reaction model. To be more formal, we could rewrite in a more general way
substituting (1 — a)™ for f(a) as seen in equation (39). Opening the probability to

study other proposals of reaction models

34a\] (39)
d1n f(‘g S E
_ (-zr+mm4) _ _Eq
aT-1 aT-1 R
a;

Ja;

2.5.
Uniaxial Tensile Tests

When studying a body subjected to a static or quasi-static load, a deformation
is originated in that volume. The amount of deformation caused is determined by
the mechanical properties of the substance. By applying this load in only one
direction, the changes produced by the load can be represented using normal
stresses and deformations. This allows to have an estimate of the mechanical
behavior of the material. Uniaxial tensile tests allow a substance with known shape
and dimensions to be subjected to a tensile load in only one direction.

Uniaxial tensile tests are known to provide the behavior of the studied
material starting from the elastic region where the deformations are reversible,

passing through a possible plastic region (non-reversible deformations) and ending
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at points of rupture or maximum deformation. At each point of these tests the
following parameters are computed:

e Engineering strain (€) is known as the change in size in one direction

quantified as the computed fraction of the ratio of the variation in

length (AL) of the deformed body divided by the original length (Lo).

,_ AL (40)
=L

e Unitary stress (6) Computed as the quotient of the uniaxial force (F)

applied on the body under study divided by the original surface (So).

_F (41)
-5

It is classic to transform the tensile test results into stress transformation

o

curves where various parameter values are displayed, such as: Young's Modulus,
Yield Strength (oy), Ultimate tensile Strength (UTS), Breaking Strain, Fracture

Point and many other parameters such as Proportional Limit.

2.6.
Shore Hardness

Hardness is a parameter that allows describing the mechanical characteristics
of a material. At present this magnitude is very striking due to its speed and ease of
execution[60]. When evaluating the plastic deformation located on a surface, the
parameter known as hardness can be quantified, with a relationship where the
hardness is inversely proportional to the footprint produced or the penetration

distance (Figure 4).

Gent[61] explains that for Shore hardness(SH) the penetration distance(PD)
of a rigid indentor with a specific geometry and a constant load on the surface of
the material is measured. The Shore hardness is calibrated to measure the
penetration depth of the indenter and owes its name to Albert Ferdinand Shore who
developed this instrument in 1920.


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificagcaoDigital N° 1821742/CA

23

SH,

SH, e

Shore Hardness

PD,*  PD;?
Penetration depth?

Figure 4 Schematic representation of Shore hardness measurement.

2.7.
Adsorption

Among the possible interactions that exist between a liquid and a polymeric
material we have the phenomenon of adsorption. This process occurs when a
portion of the liquid that is in contact with the polymer invades the volume of the
material and begins to swell.

Hansen[62] comments that when a liquid is absorbed by a polymer, various
phenomena occur depending on the degree of adsorption. At low degrees of
adsorption, it begins by observing softening and ends in failures due to
environmental stress cracking (ESC). While high degrees of retention of the liquid
could occur the dissolution of the material.

Vlastos[63] comments that there is a drastic deterioration in the performance
of EPDM rubber insulation by adsorbing water when exposed to the environment.
Sundararajan[64] explains that when aging EPDM chains can separate hydrophobic
methyl groups, transforming into groups with hydrophilic polarity that make the
material more suitable for the absorption of polar substances.

In this case, the liquid absorption percentage (%was) is measured as the
quotient of the variation in mass (Awap) Of the polymeric material with respect to
its original mass (Woab).

Aw,y, (42)

Woab

Yowqp =
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Objectives

General Objective

The objective is to quantify the variation in mechanical and kinetic
properties as a consequence of aging under real operating conditions in
EPDM rubbers originally extracted from the mechanical protection layer

(Jacket) of ESP cables from the Peregrino field.

Specific objectives

. Qualitative assessment of the components of the EPDM jacket layer
using the FTIR (Fourier-transform infrared) technique.

. Quantify the mass loss as a function of temperature using the TGA
(Thermogravimetric analysis) technique. Assign temperature intervals for
each event in order to define the stage, with which it is possible to
methodically compare the compositions in mass % of the rubbers extracted
from each cable

o Study the results of the kinetic models in non-isothermal conditions
by Kissinger, Ozawa-Flynn-Wall and Combined kinetic analysis to develop
kinetic models of the degradation of the composite material that is extracted
from the jacket layer of the 6 ESP cables.

o Evaluation of the effect of aging on the mechanical properties of the
EPDM-based composite extracted from the jacket layer from six ESP cables
aged in different conditions.

o Evaluate the adsorption properties at room temperature of the
EPDM-based composite from the jacket layer from six ESP cables aged in
different conditions.
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To evaluate by distillation of recirculated toluene the consequences of the
aging process on the crosslinking content in the EPDM-based compound of

the coating layer of six ESP cables that were aged under different conditions.
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4
Materials and methods

4.1.
Studied material

In this investigation, elastomer was EPDM-based composite originated from
the mechanical protection cover (Jacket) of 6 ESP cables, which include: 2 ESP
cables kept in warehouse and 4 used cables that were subjected to real field
conditions for 2 to 4.8 years at different depths. The ESP cables were
commercialized by Baker Hughes Company and kindly supplied by Equinor
Company, Brazil.

The portion of cables stored in the warehouse that remained outside the well
operating conditions for practical purposes will be considered as reference samples.
Although the storage conditions and the time that the warehouse cables remained
in these conditions outside the well are unknown. The warehouse ESP cables were
supplied by Equinor and commercialized by Baker Hughes Company with similar
characteristics to those installed in the wells of Peregrino field.

The ESP cable group that was used in the A-29 and B-17 oil wells, both in
the Peregrino field, were operating for 738 days (2 years) and 1752 days (4.8 years),
respectively. The initial reservoir conditions are 78°C at 2300 m (7550 feet Total
Measured Depth) and the pressure varying from 740 to 3,350 Psia (can be calculated
as a function of hydrostatic pressure)[65]. The depths, times and information raised
are shown in Table 2. In order to stabilize the cables along the pipeline that connects
the top of the well with the point where the ESP is located, the cables are surrounded
by a packing fluid known as Packer-Fluid+Safe-Scan.

The information of the technical data sheet offered by Baker Hughes
Company is presented in (Appendix Al), revealing that the elastomer of the
mechanical protection layer or jacket corresponds to the formulation EPDM CL-
185, without giving more details. This CL-185 code is an internal assignment

handled as know-how of Baker Hughes Company and is not of public access.
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Table 2 EPDM samples and source information (Appendix A2 to A7)

Rubber I I 11 v \Y VI

Supplier  Baker  Baker Baker Baker  Baker Baker
company Hughes Hughes Hughes Hughes Hughes Hughes
Serial 103471 N/A 1031583 N/A 105216 1074616

Cable 3401 396 726 298

Depth (m) O 0 760 917 1927 2170
Well B17 A29  A29 B17
Time 0 0 1752 738 738 1752
(days)

Note Ware- Ware- 82°C 82°C 82°C 82°C
house house 234.9 235 235 234.9

cable cable bars bars bars bars

*N/A not applicable.
** Rubber | is protected with stainless steel. Rubbers Il to VI are covered by

galvanized steel.

4.2.
Solvent and fluids

The gases for the STA experiments are supplied by the company Air Products
Brazil Ltda. and are described below:

-Nitrogen (N2) 99% purity

-Synthetic air with the typical mixture of 72% N2, 28% O- and traces of other
gases.

The toluene solvent in the determination of cross-linked content is from
Merck KGaA with ACS Reagent purity, >99.7 suggested for analysis.

Packer-Fluid + Safe-Scan is described as a water-based solution containing
oxygen scavenger, and anti-emulsifiers[66]. This solution is used as a packing
liquid inside oil wells to contain ESP cables and it is described in Table 3. The

Packer-Fluid + Safe Scan was delivered by Equinor-Brazil.
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Table 3 Description of fluid for adsorption tests (Packer-Fluid+Safe-Scan).

Product Function Concentration
Industrial Glycerol/ Diluent Quantum satis
Water 75 to 80 % w/w
Sodium Chloride hydration of the formation <6 % (W/w)

clay formation

Glutaraldehyde Bactericide 1%
Ultrawt 70 Anti-Emulsifier < 1 %(wiw)
Sodium bisulfite Oxygen scavenger 200 ppm
4.3.

Elastomer characterization

4.3.1.
Fourier Transform Infrared (FTIR) spectroscopy

The technique of Fourier Transform Infrared (FTIR) spectroscopy with a
coupled Attenuated Total Reflection (ATR) sensor was used as a method to obtain
qualitative information on the functional groups of the molecules and inter-atomic
bonds present in the jacket layer.

For the FTIR-ATR analysis, a Spectrum Two model equipment from the
company Perkin-Elmer was used. The wavenumber sweeps were performed in the
range of 4000 to 500 cm™, with 4 cm? resolutions and 20 consecutive

measurements.

4.3.1.1.
Rubber samples for FTIR

The samples of each elastomer are obtained by removing a small specimen of
about 1 cm?® from each jacket layer. At the moment of evaluating it, a thin layer was
removed from one side of the specimen with a blade. The flat surface created by

the cut was placed directly on the FTIR equipment.
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4.3.1.2.
Waste samples from STA analyzed by FTIR

Rubber waste obtained in the STA experiment (described later) was used to
for FTIR as well. The procedure consists in collecting each of the scraps after being
subjected to the procedure indicated in section 4.3.2.2 and placing the powdered

material on the sample holder of the equipment.

4.3.2.
Simultaneous Thermal Analyzer (STA)

Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis
(TGA) tests were performed on the Perkin-Elmer Corporation's Simultaneous
Thermal Analyzer (STA 6000) using a platinum crucible. The material samples
were cut in sizes of approximately 1 mm. The experiments were conducted

primarily under two conditions as shown in the following 2 subsections.

4.3.2.1.
Thermo-degradation up to 570 °C

Analyses in non-oxidizing atmosphere were evaluated with a N2 flow at 20
ml min™ and a mass of the material ranging from 12 to 15 mg. For each of the 6
elastomer samples, independent experiments were executed with a set of 6 heating
rates (@): 5, 10, 15, 20, 30 and 40 °C min’. The temperature range evaluated was
30 to 570 °C.

4.3.2.2.
Thermo-degradation up to 900 °C

Experiments were conducted with a single heating rate (@) of 25 °C min for
each one elastomer sample. The material mass was 12 to 15 mg of elastomer. The
complete heating program was from 30 to 900 °C which was divided in 2 stages.
The first stage is summarized within the temperature range from 30 to 570 °C in N2
gas atmosphere with a flow rate of 20 ml min*. In the second stage, maintaining
the heating rate at 25 K min, the atmosphere was modified to synthetic air with a
flow rate of 20 ml min"! and extending the test from 570 to 900 °C.
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4.3.3.
Shore D Hardness

Penetration resistance measurement was performed with a durometer
calibrated in the Shore D hardness range from Digimess manufacturer. The
apparatus includes a metal tip with a very specific geometry (Figure 5) and a mass
of 5 kg to keep the load constant. This equipment was integrated into a bench stand
that helps to ensure the correct application of the load and feeds the instrument
perpendicularly to the test surface. All tests were performed at room temperature of
25 °C with air humidity between 70-80 %. Four samples were prepared per
specimen of the rubber, measuring 15 points per flat face, for a total of 30

measurements on each test body.

b)

92.8+0.3 mm.
(0.11120.013 in) | I‘

91.27+0.12 mm.
(0.050+£0.005 in)

2.5+0.04 mm.

(0.098+0.002 in) 30°+ 1/2°

0.100£0.012 mm. R
AT ZERO (0.004+0.0005 in R)

READING

Figure 5 a) Digimess equipment for Shore D hardness. b) Schematic description of
the tip identification image adapted from ASTM D2240 "Standard Test Method for
Rubber Property-Durometer Hardness"[67].

4.3.3.1.
Shore D hardness test samples

Following the indications described in ASTM D2240[67] "Standard Test
Method for Rubber Property-Durometer Hardness”, a cylindrical test body was
manufactured with nominal dimensions of 34.0 mm in diameter and 10.0 mm in
height, which allowed a transversal evaluation of the hardness of the 6 EPDM

elastomers, measuring with the instrument only on the transversal face of the
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mechanical protection cover. Figure 6 shows an example of the design of the test
bodies.

Figure 6 Shore D hardness test samples.

4.3.4.
Tensile test

The tensile tests were performed on an Instron Machine 5500R universal
testing machine, with a 100 kN load sensor, 6 mm jaws at an ambient temperature
of (24 °C £ 2 °C). At least 5 test bodies of each elastomer sample at a speed of 10
mm min~t[68] were used. The initial test section length was 42 mm. Figure 7 shows
a picture of a universal testing machine. The experiments were based on the
standard of ASTM D412 "Standard Test Methods for Vulcanized Rubber and

Thermoplastic Elastomers-Tension"[69].

Figure 7 Universal testing machine Instron 5500R.


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificagcaoDigital N° 1821742/CA

32

4.3.4.1.
Uniaxial Tensile Test Samples

The samples for the uniaxial tensile tests were manufactured in two steps. The
first step was the removal by cutting of the jacket layer of each cable, following the
section of the jacket layer along the longitudinal axis. Consequently, the second
step was a process of mechanical wear of the EPDM elastomer, providing the shape
of a rectangular prism. For this purpose, all the faces were to smooth down, except
the external face which has a serrated surface. The recommendations to this
procedure are presented in the British Standard EN 60811-1-1 [70]. Figure 8 shows

the nominal shape and dimensions of each test body of: a =18, b=110e c =4 mm.

Figure 8 Nominal shape and dimensions of the test bodies for uniaxial tensile tests

with it dimensions: a=18, b= 110 and c=4 mm.

4.3.5.
Scanning Electron Microscope (SEM) coupled with energy dispersive
X-ray spectrometer (EDX)

The images of the surface of the material were obtained with a SEM
equipment developed by Hitachi, model TM3000, which has been coupled to an
energy dispersive X-ray spectrometer also produced by Hitachi, model
SwiftED3000 that allows the identification of atoms by emitting X-ray radiation
patterns, characteristic of each element. The analyses were performed at 15.0 kV,
with variable magnification. The relevance of this experiment is to study the surface
of the EPDM elastomer at a microscopic level and the elemental characterization

of samples. Figure 9 shows a picture of this equipment.
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Figure 9 SEM TM3000 da Hitachi.

4.3.6.
Crosslinked content

In order to characterize the 6 EPDM elastomers of the jacket layer of the 6
cables the soluble fraction was extracted by dissolution in toluene, at its boiling
point, using the guidelines defined in ASTM D2765 "Standard Test Methods for
Determination of Gel Content and Swell Ratio of Cross-linked Ethylene Plastics"
[71]. A schematic diagram of the assembly used in this experiment is shown in
Figure 8. For this particular test, 0.4 g of the elastomer was used in 350 ml of toluene
for 48 hours, repeating the test 3 times per sample of EPDM rubber.

ﬂ.- Water Qutlet

Support
Universal

Condenser

Input from
Water

Distillation Flask
(commmmn) EPDM

. : _Heatin
=

e ~

Toluene

Figure 10 Apparatus used for cross-linkages determination through ASTM D2765
[71].
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4.3.7.
Absorption in Packer-Fluid+Safe-Scan

The absorption tests were conducted in a Becker with three samples,
immersed in 500 ml of the solution (Packer-Fluid+Safe-scan). The test temperature
was (25°C) for a period of 88 days, recording the mass variations with time on a
Shimadzu balance model AY220 with 4 decimal places. The procedures used were
extracted from ASTM D570 [72].

4.3.7.1.
Absorption samples

The samples exposed in the Packer-fluid + Safe-scan fluid were manufactured
maintaining the nominal external diameter of 34 mm the original mechanical cable
protection cover. Subsequently, cross cuts were made, which allowed for a part
shaped approximately to a 50 mm long cylinder. Each piece was mechanically
removed from all internal and external material not belonging to the mechanical
protection cover, leaving a whole piece of this cover intact. The void space in the
center corresponds to the volume occupied by the other internal and mechanically
removed elements (metal wire, insulation covers). Figure 11 shows images of the

shape of the samples in this experiment.

Figure 11 Absorption test bodies shaped to a 50 mm long cylinder.
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5
Results and discussions

5.1.
FTIR

Taking into account sparse information on chemical composition of EPDM
CL-185 rubber, it was proposed to carry out studies using the FTIR technique, to
determine chemical composition of this composite material. On the other hand, the
data collected by FTIR are useful to search for possible chemical alterations of the
material product of aging in real operating conditions.

The fact that commercial rubbers are actually a composite material represents
a challenge, since they are made by mixing a polymer with various components
such as: fillers, processing oils, colorants and other additives [2]. The FTIR signals
produced by each spectrum obtained were studied to deduce each of the elements
that compose it and finally compare the rubbers used with each other and the
references in the literature.

As expected, FTIRs present various limitations as a consequence of the rubber
signals as they are superimposed with the presence of other bands (additives to the

mixture) at similar wavelengths.

5.1.1.
Classification of Rubber samples by FTIR

Figure 12 and Figure 13 show the first overview of the FTIR for the 6 rubbers

samples from which the mechanical protection covers (jacket layer) are made.
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Figure 12 FTIR spectra for Rubber I, Il, 111 and VI samples. Group 1 (Appendix
B1 to B3 and B6).

The direct qualitative comparison of these results reflects similarity of the
spectra of the samples of Rubber I, II, Il and VI (Figure 12). Demonstrating that
the samples of the industrial preparation have similar chemical composition

between them.
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80 80
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g 2
E 40 2 4
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0
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000
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300

Figure 13 FTIR spectra for Rubber IV and V samples Group 2 (Appendix B4 to
B5).

Similarly, it is verified that the Rubber IV and V samples (Figure 13) agree
on their signal response during the infrared scan, indicating that it is the same
material.

This evidence reveals the presence of 2 different materials that are catalogued
in 2 sets: Group 1 (Rubber: 1, 11, 111 and V1) and Group 2 (Rubber: IV and V).
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Figure 14 was constructed to better appreciate the differences and similarities
between the responses to the FTIR signal.

100 =
90
s0 |
70
60

50

Transmitance (%)

40 t

30 !
20 |
10
01.1..

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

—Rubber V

Figure 14 FTIR spectra of Rubber I (Group 1) and Rubber V (Group 2).

Figure 14 shows the bands which vibrates in the 3700-3600 cm™ regions.
These bands appeared in the spectra of the Rubber V samples and are absent in
Rubber 1. In the 1300-500 cm™ zone, within the fingerprint zone for FTIR, the
multiple peaks with particular shape and intensity certify that the spectra of the
rubbers belong to 2 materials with different structure.

5.1.2.
Identification of the polymer in the Rubber samples by FTIR

The first part of the interpretation of the FTIR to be considered concerns the
bands of the EPDM polymer that, as shown in Table 4, are interpreted as belonging
to the EPDM. This result is compared with literature reports by various authors such
as Lopes, Coates, Nakamura, ASTM International, Riba and Mitra[20][73][74]
[75][76].

In Figure 15, the Rubber | and V samples are again shown as an example of
each material. In blue, the bands identified by authors such as Riba etal., [76] (Table
4). At values of 2957 cm™ has the small band of a stretch, (vaSySP3 C — H). Later,
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2915 and 2848 cm corresponding to asymmetric and symmetric C-H stretches
present in CHz and CHs. Other peaks are those near of 1455 and 1374 cm, which
explained in literature as asymmetric and symmetric C-H deformations in CH; and
CHzs. Finally, the existence of the asymmetric balance outside the plane originated
by a number greater than or equal to 4 continuous CHa groups is evidenced by the
bordering peak at 720 cm™,

Therefore, the results certified the presence of EPDM as one of the
components of the commercial formula of the rubber used to prepare the 6 samples
of the mechanical protection cover. However, the analysis and interpretation of the
FTIR spectra indicates the coexistence of other materials that will be described

below.

Table 4 -EPDM Bands [19][20][73][76][77].

Band (cm™) Interpretation Description
3075 vgySP?=C—H Symmetrical stretch C-H
2957 UasySP? C—H Asymmetric stretch C-H
2915 UasySP? C — Hj Asymmetric stretch C-H

UasySP? C— H,

2848 UsySP? C — Hj Symmetrical stretch C-H
UsySP3 C = H,
1455 8asySP? C— Hj Asymmetric angular deformation in
the plane CHs
8sySP3 C — H,

Symmetrical angular deformation in
plane (Scissor) CH>

1374 8sySP3 C — Hj Symmetrical angular deformation in
the plane (Umbrella) CH3

709 <‘SpSP3 CH, Asymmetric angular deformation

off plane (Wagging) ncy, = 4
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Figure 15 Spectra of ATR Rubber I (Group 1) and Rubber V (Group 2). The signs
in blue color highlight the EPDM bands.

5.1.3.
FTIR Interpretation of Group 1

Table 5 presents the description and interpretation of the additional vibration
bands observed in the rubbers from the Group | that cannot be identified as EPDM.

By comparing them with the reports of Ili¢ et al.,[78] these bands fit with
Metakaolin (reference pattern produced by the author by the thermal decomposition
of kaolinite).
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Elimbi et al.,[79] admits the presence of water in aluminosilicate geopolymers
up to 550 ° C, giving the basis for the presence of water in the mixture of industrial

origin. Coinciding with water bands at 3100-3800 cm™.

Table 5 Metakaolin bands in Group 1 rubber.[19][78][79][80][81][82]

Band (cm?) Interpretation Description
3100-3850 § H-—0—-H Angular deformation H>O or
Symmetrical stretch OH
UgyX — OH
1638 8syH,0 Symmetrical angular deformation in
plane (Scissor) H,0
900-1100 UasySi — 0 — Si Symmetrical and Asymmetric stretch
of SiOz or
V,sySi— 0 — Al _
Si-O-Al amorphous
800 6 Al —OH Deformation Al-O Change of Al

octahedral to tetrahedral

The prominent band by its shape and intensity at above 3000 cm™ is reported
by several authors Mitra, Ili¢, Bansod, Puligilla et al., [19][78][77][81][82]. Their
articles agree that broad bands in the vicinity of 3100-3850 cm™ refer to the
coexistence of water, which absorbs in the infrared region by a deformation (6;H —
0 — H). Another signal that is reported occurs in parallel, is at 1640 cm™ assigned
to scissor-type angular deformations (6;H,0). Although water is not part of the
structure of aluminosilicate or EPDM, its presence is reported in the FTIR spectra
of the original rubbers. This liquid is justified in the inter- or intramolecular trapped
aluminosilicate load [78].

Metakaolin is reported by Elimbi and Lopez et al.,[79][80] agreeing that the
band at 900-1100 cm™ is a consequence of the asymmetric stretching of amorphous
SiO: or structures of the Si-O-Al type. The works of Ili¢, Lopez et al., [78][80]
establish that the increase of Al-O to the tetrahedral form produces vibrations close
to 800 cm™L,

With what is stated in this section, the presence of Metakaolin and traces of
water trapped in rubbers I, II, 1l and VI are confirmed. Additional evidence
isolating and reaffirming Metakaolin is set forth in the following paragraphs.
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5.1.3.1.
Additional evidence to verify the identification of Metakaolin

The convolution of the signals due to the multiple components of an industrial
preparation represents a challenge in FTIR analysis, and in many opportunities their
separation is required to later purify and obtain a valid result. Noting that STA
inorganic residues after 900 °C in synthetic air oxidant atmosphere are abundant
and they are separated from all organic components by the decomposition process.
EDS confirm the presence of Si and Al in these residues. Evaluating this alternative
step facilitated the validation of Metakaolin as one of the components of the rubber
taken from the mechanical protection cover. FTIR scans (Figure 16) were made to
stable STA residues (section 4.3.2.2). Therefore, confirming the presence of a
silicon geopolymer reported as Metakaolin in the mix, the rubbers of Group 1 (I, 11,
Il and VI).

100

90 |
80 |
70 |
60 |
so |
40 |

0 [ Rubber residue I

Transmitance (%)

20 | ——Rubber residue VI

10 |

0||.|1|.||||1.|1.|||||1..||||1||1.|
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 16 FTIR spectra from Rubber Waste | and V1 after thermal treatment at 900
°C under synthetic air condition.

Spectra shown in Figure 16 match up well with those reported by Ili¢ et al.,
[78] where they analyzed the transformation of Kaolin into Metakaolin by heat

treatment. The unlabeled FTIR signals in Figure 16 are being considered as trace
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contaminants because the source of the Metakaolin is unknown. Other inorganic
additives could also be incorporated in the industrial formula, which are not
discarded, such as zinc oxide, which can present signals in regions close to the
silicates. The latter typically added in industrial or laboratory formulations as

mentioned in research by Zaharescu et al.,[83] to improve properties in rubbers.

5.1.4.
FTIR Interpretation of Group 2

Therefore, the objective of this section is to label the peaks that have not been
discussed and to help identify the substances that cause the difference in Group 2.

Table 5 summarizes the Kaolin bands that have been identified in the mixture
with EPDM rubber. Reports of the works of 1li¢, Jianwen, Zulfiqar, Zhu, Le$niak
et al.,[78][84][85][86][87] confirm these results.

The more formal reading of the bands assigns the 3100-3850 cm™ (§,H —
0 — H) signal to water. Around 3620, 3642 and 3695 cm™ we have a signal with
very striking triple bands that are assigned to Si-OH and Al-OH stretching that Zhu
etal., [86] mention as typical of Kaolin. These authors propose that there is a double
band of 3670 and 3651 cm™, in our case they seem to be superimposed giving only
the band of 3642 cm-1.

Asymmetric SiO, or amorphous Si-O-Al stretches are found in 1080 cm™
[86]. A double band in the area of 1050-1000 cm™ matches with report of Zhu et
al.,[48] as Si-O-Si stretch in 1030 cm™ and Si-O-Al stretch 1003 cm™. In 907 cm'?
there is a deformation by bending of OH groups and 794 cm™ a stretching of Al-
OH groups are exposed the literature of Ili¢ et al., [78].

Stretches of Si-O in 697 cm™ is commented by Zhu et al.,[86] ending with O-
Si-O or Al-O deformations are labeled by the same authors. Thus, completing the
ATR reading for Group 2 spectra, identifying a geopolymer containing Kaolin as
part of the EPDM mixture.
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Table 6 Kaolin bands in Group 2 rubbers [78][84][85][86][87].

Band (cm) Interpretation Interpretation
3620, 3642 e v Si—OH OH stretch
3995
v Al—OH
1080 VgsySL— 0 — Si Asymmetric stretch of SiO> or Si-O-
Al amorphous
VasySi — 0 — Al
1030-1003 v Si—0—Si Stretch of Si-O-Si ou Si-O-Al
v Si—0—Al
907 6 —OH OH deformation
784 6 Al —OH Deformation of Al-OH Change of Al
octahedral to tetrahedral
718 v Si —0-Al Stretch of Si-O-Al ou Si -O
v Si —0
697 v Si -0 O-Si-O stretch
540 6 0-Si—0 Deformation of O-Si-O or Al-O
6§ Al—-0
5.14.1.

Additional evidence to verify identification of Kaolin

43

Repeating the experience of analyzing the residues of the rubber samples

originated by using the STA tests at 900 °C in synthetic air. The presence of Kaolin

can be checked by an indirect route. in accordance to Ili¢ et al.,[78] it is possible to

transform Kaolin into Metakaolin by heat treatment at 650 °C. Based on the premise

that Kaolin was identified by the signals already discussed in FTIR and that the

samples were exposed to 900 °C to ensure the degradation of organic substances it

can be inferred that the isolated material in this methodology is a Metakaolin, which
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source is Kaolin. Figure 17 shows the FTIR results of this experience, which are

compared with the reference offered by Ili¢ et al.,[78].
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Figure 17 FTIR of STA waste for Rubber IV and V samples (Group 2).

5.1.5.
FTIR aging study

The FTIR technique is typically used to study aging in many polymers. Mitra
and Bouguedad et al.,[48][52][60][61] observed in the region of 1710 to 1800 cm™
band that is normally assigned to the symmetric stretching of the carbonyl group
(vsi € = 0). The carbonyl group signal intensity is used for carbonyl group index
(IC) calculations, this last magnitude is proportional to the amount of carbonyl
groups that appear during the aging of a material. By constructing a calibration
curve of IC versus aging time, it is possible to observe the dependence of these 2
parameters. The calculation is made using relative intensities in ranges where a
response proportional to the concentration is found. But as shown in Figure 18 an
enlargement on the FTIR spectra for Rubber I and 11 (both new samples used for
the control) the 1C14s5/1740 Obtained are 2.25 and 13.57 respectively.

Because rubbers | and Il are new samples that have not been subjected to

reservoir conditions, the 1C14ss/1740 results for both cases are expected to be close to
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each other and close to zero. Additionally, the variation of the 1C14s551740 between
both samples should report closer values. But the results show, this large variation
of the 1Cu4s55/1740 (13.57 and 2.25 for rubber | and 11 respectively) of the theoretically
non-degraded samples outside of well conditions makes it impossible to make a
proportional correlation of time with 1Cu4s51740. When observing that there is no
proportionality between the IC and the concentration, other possible sources are
being considered as those responsible for the intensity of the C=0 vibrations.
Although it can be theorized that early degradation events occurring in the
EPDM extrusion/vulcanization process are responsible for the vibrations of the
C=0 groups, it is equally sensible to assume that the carbonyl group is present in
some low molecular weight additive. S. Mitra et al.,[19] report stearic acid as a
curing agent. N.D. Bansod et al.,[81] report that maleic anhydride is positioned to
functionalize silicon particles with nonpolar chain sections of the EPDM molecules.
P Sutanto et al.,[16] report that additives such as ZDBC (Zinc
Diethyldithiocarbamate) and ZDMC (Zinc Dibutyldithiocarbamate) are
accelerating agents added to control vulcanization and produce resonance in this

region.

100

97 43
---96.51

Transmitance (%)

60 | —Rubberl 1C; 55,740 2.25

55 F —Rubber II IC,s5,1740= 13.57
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Figure 18 Amplification of the ATR for Rubber I and Il. The figure shows the
calculation of carbonyl index group (ICi4ssn740) Using the peaks at 1740 cm™ for
carbonyl and 1455 cm™ for EPDM.
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5.2.
STA of the Rubbers

The STA technique represents another key point in the characterization of the
rubbers extracted from the jacket of the ESP cables. With the loss of mass in the
temperature range, it is possible to establish the compositions used by the
manufacturer at the time of preparation of the EPDM composite. On the other hand,
it is feasible to establish stages in which thermal events such as evaporation or
degradation.

Based on the procedures of Maurer and Liang et al., [88][89] the use of 2
different atmospheres is necessary to quantify the type of charges such as: carbon
black and CaCOz. The first atmosphere is nitrogen gas, a non-oxidizing gas, from
30 to 570 °C. This method allowed evaluation of the degradation of EPDM and
mass loss of low molecular weight substances, as investigated by Petrovi¢ et
al.,[90]. The second synthetic air atmosphere was used by Liang et al.,[89] for its

ability as an oxidant to quantify the content of substances such as carbon black.

5.2.1.
Thermo-degradation up to 570 °C

By contributions of Bouguedad, Liang, Gamlin et al.,[23][90][91] it is known
that the thermal decomposition of EPDM is reported in the range of 410 to 550 °C
under nitrogen atmosphere. Additionally, Gamlin et al.,[91] agreed that different
low molecular weight oils and additives are present at 310 to 390 °C. And as
concluded from the FTIR analyses there are substances like water trapped in
samples.

In Figure 19 the TGA result is illustrated for Rubber I, showing that 3
different mass loss ranges can be summarized with the help of the first derivative
of mass loss curve (DTG). These ranges normally defined thermal phenomena of
evaporation and/or degradation. The decrease in mass per stage can be attributed as
follows: 30 to 250 °C loss of water (stage 1), 250 to 410 °C extender or processing
oils (stage 2) and 410 to 570 °C the thermal decomposition of the EPDM copolymer
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(step 3). This information is later used to indicate the composition of the mixture
with which the EPDM rubber was prepared and will be completed with the results
of the experience up to 900 °C (section 5.2.2) since over the 3 stages of mass loss

only about 70% of the material is consumed.
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Figure 19 TGA and DTG for Rubber I at 20 °C min"* with N at 20 ml min™.,

Table 6 summarized temperature ranges described above for each elastomer
sample after they were evaluated at all heating rates and the information were
obtained from the TGA curves (Appendix C1 to C18).

Relying on the TGA results of Table 7 and what is discussed in section 5.1.1
new evidence of the differences between Group 1 and 2 is shown. The first one is
the EPDM terpolymer content (% Weight lost 410-570 °C), presents a difference of
approximately 2.2% between the 2 sets of materials. Often this difference is
attributed to the control processes during production and is usually neglected. The
relevant is that the composite material has a portion of EPDM that ranges from 54.1
to 56.3%.

Another peculiarity in the samples of Group 1 is that they have a higher
percentage of water (1,47%) compared to Group 2 (0.67%). Based on the fact that
Metakaolin is an aluminosilicate with an amorphous structure (L. Caraballo et
al.,[92]) with more free space available to be occupied by the liquid in contrast to
Kaolin that is organized as crystal (D. Bish et al.,[93]), a higher mass of water is
hypothetically expected in Group 1.
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Table 7 Average TGA results for rubbers after being evaluated at 7 heating rates
(5,10,15, 20, 25, 30 and 40 °C min?) with N2 at 20 ml min* from 30-570 °C
(Appendix C19 to C20).

%Weight %Weight %Vl\éi'tght

Group Rubber DSPIN gy Time  lost lost 410570
(m) (days) 30-250°C 250-410°C 0%

(Water) (Gil) (EPDM)

| 0 0 1449 13840  56.343

I 0 0 1373 14131 55795

I 760 B-17 1752 1.421 13.081 55.754

! Vi 2170 B-17 1752 1.640 14.747 56.255
Average 1.471 13.950 56.037

Standard deviation 0.101 0.599 0.264

v 917 A-29 738 0.739 13.648 54.606

5 \Y/ 1927 A-29 738 0.610 13.799 54.102
Average 0.675 13.724 54.353

Standard deviation 0.065 0.075 0.251

A similarity present in the 6 composite materials analyzed refers to the
content of additives, in particular extender oils shown in Table 7. The quality shown
are close and are within the standard deviation when quantifying their presence
from 250 to 410 °C.

In summary, the composition of the composite material is as follow: a
minimum of 54.3% EPDM, 13.7% processing oils, and 1.5 to 0.7% water were

found.

5.2.2.
Thermo-degradation up to 900 °C

Figure 20 is used to illustrate TGAs with the extended methodology with
synthetic air oxidizing atmosphere (Appendix D1 to D6) to determine carbon black
content and aluminosilicates within rubbers. In this particular case, the samples of
Group 1 are presented with Metakaolin represented by stable masses above 900 °C.
The carbon black values are calculated by the differences in mass at the beginning
of the methodology at 570 °C, temperature at which all the EPDM is considered
completely degraded, and the final mass, excepting that the final mass is due to the

stable residue of aluminosilicate above this temperature.
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Figure 20 TGA and DTG at 25 °C min! for rubbers from Group 1 in N2 at 20 ml
min from 30-570 °C and synthetic air 20 ml min’* from 570-900 °C.

Table 8 summarized weight and weight loss during TGA analysis at 25 °C
min’, in synthetic air 20 ml min from 570-900 °C (Attachment 35).

Table 8 TGA results at 25 °C min! for the rubbers in the synthetic air stage at 20
ml min! from 570-900 °C

%Weight %Weight

570°C lost %Weight
Depth Time (Carbon 570-900 900 °C
Group Rubber ~ P Well b S A (Alumino-
Alumino- (Carbon  silicate)
silicate) black)
I 0 0 28.046 18.185 9.861
I 0 0 28.300 18.408 9.892
1 Il 760 B-17 1752  29.501 17.973 11.618
VI 2170 B-17 1752  29.965 18.367 8.598
Average 28.266 18.233 9.992
Standard deviation 0.934 0.172 1.074
v 917 A-29 738 30.815 16.955 13.860
) VvV 1927 A-29 738 31.254 17.177 14.077
Average 31.035 17.066 13.969
Standard deviation 0.220 0.111 0.109
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Table 7 shows a new peculiarity between Groups 1 and 2. For the first one,
the % mass of Metakaolin 9.99 was quantified, while for the second one, it
corresponds to the % mass of Kaolin 13.97. This heterogeneity of values could
impact on the properties of the material. Another subtle variation is the carbon black

content which varies between 18.23wt.% to 17.07 wt.%.

Summarizing of the thermal degradation results, the 6 EPDM rubbers show
54 to 56.5 wt.% of the EPDM as a matrix. The charges include carbon black (17 to
18 wt.%) and an aluminosilicate (10 wt.% Metakaolin Group 1 and 14 wt.% Kaolin
Group 2). Approximately 14 wt.% of extender or processing oils were added to its
preparation and 1.5 to 0.7 wt.% water.

This information is important when studying mixtures with this set of
heterogeneities due to the impact on all final properties: gas adsorption (S.
Rutherford et al.,[94]), mechanical properties (E. Redline et al.,[95]) , flammability
(X. Wen et al.,[96]), electrical, de-vulcanization (H. Le et al.,[97]) and aging (Z.
Petrovi¢ et al.,[90])

5.3.
Preselection/refinement of data for the non-isothermal kinetic
study of the elastomer

Before studying the results of the kinetic triplet (E, A and n) and proposed
models (KMW, OFW, Friedman, CKA and CKA-i) it is important to present the
preselection/refinement of the data and the criteria that justify this selection. This
will allow making decisions which model is the most appropriate in the present
investigation.

First, the Kkinetic study of the degradation of EPDM rubber is proposed,
starting at 410 °C, based on works by Bouguedad et al.,[23]. At this temperature,
the polymer pyrolysis process begins in an N2 atmosphere allowing to consider STA
data only in the interval from 410 to 570 °C. Figure 21 illustrates this temperature

range.
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Figure 21 TGA curves of EPDM degradation region in Rubber I at 20 ml min™,

under N2 atmosphere with different heating rates.

The transformation from mass data (wt.%) to conversion data (o) is easily
done by equation (4). Conversion results are plotted in Figure 22, used as an
example. The individual trend of the data plot at each speed exhibits a pattern
behavior and does not present irregularities in the results. But when analyzing the
conversion plot at the 7 proposed speeds (5, 10, 15, 20, 25, 30 and 40 °C min™) for
the 6 EPDM rubbers (Appendix E1 to E6), it is repeatedly observed that overlap
occurs from the data obtained at the heating rate of 25 °C min™and 30 °C min. This
behavior is considered atypical and to solve this phenomenon it is proposed to
exclude one of the 2 heating speeds.

The discarding of the 25 °C min data was based on the fact that the
conversion plot with the 7 heating speeds are constructed with data obtained under
2 different types of experiments at specific conditions. The first experiment
contemplates the heating rates 5, 10, 15, 20, 30 and 40 °C min™ in a range of 30 to
570 °C in a N2 atmosphere (section 4.3.2.1). The second experiment uses only 25
°C min? divided into 2 steps, which start with the range of 30 to 570 °C in N2
followed by temperatures of 570 to 900 °C in Ar (section 4.3.2.2). Therefore, it is
proposed to exclude the data at the heating rate of 25 °C min! from the conversion
plot and these data are excluded for the kinetic analyzes.
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Figure 22 Conversion of EPDM degradation in Rubber I, at 20 ml min, under N

atmosphere with different heating rates.

To validate the heating rates (@) in which the experiments were carried out,

calculations of the temperature variation divided by the time variation @ = % were

made in the range from 410 to 570 °C. Obtaining real values of said heating rate

(d1rue), With the latter the Kinetic calculations are carried out individually. Table 8

presents the nominal values of the heating rates (@) and the true values of the

heating rate (@rue) for each rubber.

Table 9 Heating rates validation in the experiments.

Rubber
I I i v \/ VI
1) DTrue DTrue Drue Drue DTrue DTrue
(K/min)  (K/min) (K/min)  (K/min)  (K/min) (K/min) (K/min)
5 4.90 4.89 4.88 4.89 4.90 4.90
10 9.87 9.88 9.88 9.88 9.87 9.88
15 14.96 14,91 14.93 14.90 14.93 14.92
20 20.09 20.06 20.08 20.00 19.95 20.05
30 30.33 30.33 30.39 30.31 30.25 30.34
40 40.58 40.65 40.68 40.71 40.57 40.65
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*the uncertainty of the calculation ranges between the second and third decimal

places.

5.3.1.

Kissinger model (KMW)

From equation (21) implemented by Kissinger, it was possible to obtain a

linear relationship in the graphs as shown in Figure 23
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Figure 23 Kissinger plots for the 6 rubbers, under N, atmosphere at 20 ml min‘

and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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With the outcomes of Figure 23 it is feasible to present kinetic models like
the one proposed below for Rubber I in equation (43) , just by substituting A and E

values, selecting temperature(T) in Kelvin and under n=1 assumption.

233914 L (43)

mol

k = 6.8305x10%min e 8'314—mc{lKTK

The results for the 6 samples are shown in Table 9. Note the R? variation for
the 6 trend lines from 0.9891 to 0.9990. Interpreting in the lowest case 98.91 % of
the data match the linear model, supporting this theory. Another relevant result are
the inaccuracies of the activation energy values, which differ from 4 to 12 kJ/mol
(1 to 5 %) of the reported value (Appendix F1 to F3).

Table 10 Results of the kinetic data obtained by the KMW method for the 6 rubbers,
under N2 atmosphere at 20 ml min and non-isothermal conditions at heating rates
5, 10, 15, 20, 30 and 40 °C min™.

Rubber R? E (kJ/mol) YE In(A /min?) YinA
| 0.9974 234 6 36 11

I 0.9920 240 11 38 11

Il 0.9959 231 7 36 10

v 0.9891 227 12 35 10

\Y 0.9990 245 4 38 11

VI 0.9908 243 12 37 11

5.3.2.

Ozawa-Flynn-Wall (OFW) model

Figure 24 shows the results of the OFW method for the 6 elastomers based

on equation (27).

0.4567E 27)
log) = ——————+ Constant
RT,
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Each plot in Figure 24 results in the projection of a flat surface made up of
several lines. These lines present similar behaviors in their direction. The R? of the
lines varies from 0.9919 to 0.9995, which supports the approach to straight lines
(Appendix G1 to G12). Validating the OFW model application in the kinetic study.
OFW plots are applying the isoconversion approximation for a fluctuating from 0.2
to 0.95. The arbitrarily proposed separation between the lines is a=0.05 with the
mean of projecting a surface formed by multiple lines at constant conversions (a;).
The maximum number of feasible lines to draw is limited by the appreciation of the
equipment at maximum speed. In these experiments the appreciation is close to
A«=0.0003. With such a small separation of a, the graph would be saturated and
appreciating the linearity of the model when examined at a constant a. Therefore, a

separation of o =0.05, was proposed to allow visualizing the alignment pattern and
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Figure 24 OFW plots for all rubbers under N, atmosphere at 20 ml min'* and non-
isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min. Analyzed

under isoconversion condition.



DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificagcaoDigital N° 1821742/CA

56

Figure 25 shows the log (@) dependence with the inverse of the absolute
temperature for Rubber | at the 6 proposed heating rates using the method
developed by Ozawa under isoconversion condition. The special feature is the
lower edge of the surface, which is well aligned with the axis of the abscissa.

Understanding there is an equivalence of 1/T with the conversion.

log(®)
fo

08 f

o

0‘6 [ L M L 1 1 L " L L 1 L " " " 1 M L " L
1.20E-03 1.25E-03 1.30E-03 1.35E-03 1.40E-03
1/Ta (1/K)

Figure 25 OFW plots for Rubber I, under N, atmosphere at 20 ml min™ and non-
isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™. Analyzed
under isoconversion condition (Appendix G1 to G7).

Table 13 shows the data obtained from the OFW model in Figure 25,
regarding the tendency to the linear behavior of the model with minimum R?
=0.9964 showing values according to the linearity. The linearity behavior is
repeated in all samples (Appendix G7 to G12).

A behavior profile between activation energy, frequency factor, and
conversion is shown in Figure 26. E vs A graphs show a linearity, confirming their
parallel responses with the variation of the conversion. This pattern is similar for
the other six rubbers (Appendix G13 to G18).
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Figure 26a illustrates the data from Table 11, which corresponds to the trend
between the frequency factor (A) and the activation energy (E) along the conversion
axis. It could be theorized that at low conversions, the amount of material available
to react is the greatest, opening a maximum interaction of the reactive atoms. On
the other hand, at high conversions there is little material left to transform, therefore,
the number of interactions of the reactive atoms also decreases.

Additionally, in Figure 26b helps to perceive the existence of the
approximately linear dependence of the amount of activation energy and the
frequency factor. This behavior shows that the greater the number of effective
collisions of the reactants, a greater amount of activation energy is required. Both
quantities E and A decrease in parallel in the course of the reaction due to the

evident consumption of the reactants.

Table 11 Results of the OFW method for Rubber I, under N2 atmosphere at 20 ml
min“! and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min-

1 assuming n=1. Analyzed under isoconversion condition.

o R? E (kJ mol™?) YE In(A /min)
0.20 0.9979 322 7 53
0.25 0.9986 293 5 48
0.30 0.9986 277 5 45
0.35 0.9985 266 5 43
0.40 0.9984 259 5 41
0.45 0.9983 253 5 40
0.50 0.9981 248 5 39
0.55 0.9980 244 5 38
0.60 0.9978 240 6 38
0.65 0.9976 237 6 37
0.70 0.9974 233 6 36
0.75 0.9973 230 6 35
0.80 0.9971 226 6 35
0.85 0.9969 222 6 34
0.90 0.9968 218 6 33
0.95 0.9964 213 6 32

Average E (kJ mol?) 249 YE 28

In(A /min’t) 39 YinA 5
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Malek[98] reported similar responses of activation energy and frequency
factor. In which 2 magnitudes are correlated by the equation (44). Defining “a” and

“b” as a constant value results from the graph.

In4,, = a+ bE,, (44)
Budrugeac et al.,[99] reported the change of the activation energy with the
progress of the reaction and report its behavior by equation (45) where Eo and E:
are constant parameters of the regression.
InA,, = a+ bE,, (45)
Budrugeac et al.,[50] reported that the variation of the activation energy
with the progress of the reaction is reported for complex chemical processes, such
as chemical reactions: parallel, successive or reversible.
A summary of the results for all Rubber is shown in Table 12 for a = 0.65

with R? minimum 0.9945 exposing the linearity of the results to this conversion.
I
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Figure 26 a) Behavior of activation energy and frequency factor at different
conversions. b) variation of activation energy with frequency factor. For Rubber I,
obtained with the OFW method in non-isothermal conditions at heating rates 5, 10,

15, 20, 30 and 40 °C min. Analyzed under isoconversion condition
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Table 12 Results of the OFW method to conversion o = 0.65 in non-isothermal
conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C / min. Analyzed under the

isoconversion condition. (Appendix G7 to G12).

Rubber R? E (kJ mol?) YE In(A /min™)
| 0.9976 237 6 37
Il 0.9953 240 8 37
11 0.9969 239 7 37
\Y 0.9994 235 3 37
\Y; 0.9967 235 7 37
VI 0.9945 239 9 37

5.3.3.
Friedman model (FR)

The Friedman model proposed in 1964 [100] as one of the first differential
methods where the isoconversion approximation was considered is based on
equation (29). It is presented in Figure 27 for the 6 Rubbers in the study (Appendix
H1 to H6). Showing lines that are parallel but that when aligned form a surface with

a curvature.

pda E,, 29
Tl=lnAai+ f(a; —R—;, (29)

In

Figure 28shows for Rubber I the behavior at 6 heating speeds of the results
without applying the isoconversion condition (equation (33) without applying the
isoconversion approximation). This image makes it possible to better appreciate the
origin of the curvature of the surface formed by drawing the lines that join each
heating rate in the isoconversion condition. This last condition is shown in Figure

29, being the common presentation of the results.
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Figure 27 Friedman's method plot for all rubbers, under N2 atmosphere

at 20 ml

min’t, in non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min-

! Analyzed under isoconversion condition.
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Figure 28 Friedman's method plot for Rubber I, under N2 atmosphere at 20 ml min

! and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

Analyzed in the range of 0.2 to 0.95 conversion.
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Figure 29 Friedman's method for Rubber I, under N2 atmosphere at 20 ml min™,
under non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

Analyzed under the condition of isoconversion.

Figure 30 presents the superposition of Figure 28 and Figure 29 exposing the
complete appearance of the Friedman method. In the Appendix H7 to H12, the
results for the 6 Rubbers are shown showing a similar behavior

1

40 |

30 F

In(@(da/dT))
=

2.0 f

3.0 E . . .
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Figure 30 Friedman's method plotting for Rubber, under N2 atmosphere at 20 ml
mint, under non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C
mint. Analyzed under the condition of isoconversion. Corresponding to the overlap
in Figure 28 and 32.

The activation energy and frequency factor obtained by the Friedman
method are presented in Table 13. Emphasizing the activation energy data, which

varies from 578 to 433 kJ mol™ in the range of 0.2 to 0.95 conversion. The average
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value is 489 + 40 kJ mol™? and the logarithm of the frequency factor presents a
variation with the conversion, with 78 + 8 as an average. In both cases the resulting
data doubles the magnitudes when compared with OFW and KMW. This difference
can be explained by P. Budrugeac's contribution to the equation (32). Or as the same
author explains when comparing equation (18) and (19) the results of the activation
energy computed by the differential method and by the integral methods are not

equal.
oIn G- %2)
Epg = E .052Epy — R| —2&L
FR Fwo T 0.052Ey, 371
l aln ‘fﬂ B ) 109, k., (18)&(19)
o1 R aT-1 R
& Differential

Rl Integral

Table 13 Results of Friedman's method for Rubber I, under N2 atmosphere at 20
ml min! and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C

min, assuming n=1. Analyzed under isoconversion condition.

o R? E(kImol?) v In(A /min™t) YinA
0.20 0.9982 578 12 95 2
0.25 0.9981 547 12 89 2
0.30 0.9979 530 12 86 2
0.35 0.9977 518 12 84 2
0.40 0.9977 511 12 82 2
0.45 0.9974 502 13 81 2
0.50 0.9970 497 14 80 2
0.55 0.9971 490 13 78 2
0.60 0.9969 482 13 77 2
0.65 0.9966 474 14 76 2
0.70 0.9965 465 14 74 2
0.75 0.9962 461 14 73 2
0.80 0.9955 453 15 71 2
0.85 0.9958 444 14 70 2
0.90 0.9953 438 15 68 2
0.95 0.9951 433 15 67 2

pverage E (KImol) 489 VE 40

In(A /mint) 78 YinA 8
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Figure 31 shows the graphical representation of data from Table 13. In the
plot indicates that the activation energy and frequency factor vary with conversion.
Displaying that both magnitudes vary in parallel with the progress of the

conversion, making both values almost behave linearly with each other.
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Figure 31 a) Behavior of activation energy and frequency factor at different
conversions. b) variation of the activation energy with the frequency factor. For
Rubber I, obtained with Friedman's method in non-isothermal conditions at heating
rates 5, 10, 15, 20, 30 and 40 °C min'. Analyzed under the condition of

isoconversion.

The activation energy and frequency factor variation results for the 6 Rubber
are presented individually in Appendix H13 to H24 showing similar results to those
shown in Table 13 and Figure 31 for Rubber I.

5.3.4.
Combined Kinetic Analysis model (CKA)

100
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5.3.4.1.
Reaction order for CKA

Following the approach for the computation of the reaction order by the CKA

model (equation (39)).
da (35)
Oar

£
e RT

In =nln(l1—a)+1In4

Figure 32 the result for Rubber I evaluated under non-isothermal conditions
is presented. Each line represents the results obtained at a single heating rate
individually identified by a color. Appreciating the tendency of the different lines
to project almost parallel to each other. The small deviations of the slope of each
line or of the reaction order in this case, could be attributed to the errors in the
experimental measurements. Additionally, the separation and order of presentation
of each line in the graph stand out, which does not have any linear relationship of
separation or propensity with the increase in the heating rate, so the use of a mean
value seems to be the most indicated for report an end of the reaction order.

Figure 33 shows for the 6 rubbers analyzed how the response pattern is
repeated when determining the reaction order of the EPDM degradation, in the
conversion interval from 0.2 to 0.95. For more detail on these figures see Appendix
I1to 16

Table 16 reflects the typical results using Rubber I as an example in Figure
35. Showing the linearity obtained with R? greater than 0.9991 and slopes with
uncertainties with maximum value in the third decimal place. The average of the
order of reaction is 0.87 with a standard deviation of 0.05, exposing the proximity
of the values.
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42.0
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40.0
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In((@do/dT)/exp(-E/RT))

' In(1-0)
@=5 °C/min  * @=10 °C/min @=15 °C/min @=20 °C/min 9=30 °C/min @=40 °C/min — Linear
Figure 32 CKA method plot for calculating the reaction order of the thermo
degradation of Rubber I, under N2 atmosphere at 20 ml min'* and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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Figure 33 CKA method plot for calculation of the reaction order of all rubbers,
under N2 atmosphere at 20 ml min, in non-isothermal conditions at heating rates
5, 10, 15, 20, 30 and 40 °C min™,
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Table 14 Results of the CKA method for the calculation of the reaction order of
Rubber | in an atmosphere of N at 20 ml min* and non-isothermal conditions at
heating rates of 5, 10, 15, 20, 30 and 40 °C min™.

@ (K/min) n Yn In(A /min) YinA R?

5 0.8251 0.0002 39.9350 0.0003 0.9997
10 0.8303 0.0003 40.7301 0.0003 0.9998
15 0.8301 0.0004 39.1810 0.0005 0.9996
20 0.9468 0.0005 41.7139 0.0006 0.9997
30 0.8832 0.0005 40.3928 0.0007 0.9997
40 0.9107 0.0010 39.5320 0.0013 0.9991
i 0.87 Va 0.05

In(A /min?) 40.2 YinA 0.8

Table 17 collects the averages of the individual reaction order results for each
material obtained from the CKA method (Appendix 17 to 112). It is appreciated that
the values are very close to unity. However, there is a subtle difference separating
Rubbers I, 11, 111 and VI (Group 1 with Metakaolin filling) from Rubbers IV and V
(Group 2 with Kaolin filling). This difference in reaction orders is not very
significant when considering the uncertainty in the calculations, but it is indicative
that the material of group 2 reacts more quickly to degradation processes when

compared to group 1.

Table 15 Summary of the average order of reaction obtained by CKA

Rubber n Vi
I 0.87 0.05
I 0.90 0.05
11 0.86 0.04
v 1.05 0.07
\Y 1.02 0.08
Vi 0.90 0.05

These results for n and R? also confirm that the reaction model f(a) =

(1 — a)™ considered describes the thermodegradation of EPDM very well.
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5.3.4.2.
Activation energy by CKA

Figure 34 confirms the trend to linearity of the CKA model for the calculation
of the activation energy (equation (36)) in the conversion range from 0.2 to 0.95, at
the proposed heating rates. The behavior of the lines is similar to that of lines
parallel to each other. The existence of a sequential pattern is noted in the order of

the lines obtained with the heating rate.

da (36)

As shown in equation (36) this algorithm sets a single activation energy value
(E) for a fixed heating rate (@). In this case, it can be seen that for each reaction
speed there is a displacement of the lines when modifying their cut-off point, but
there is a clear tendency for the tangents of the data obtained to be parallel and
independent of the heating rate. For subsequent analysis, we will continue to assign

the CKA code to these lines obtained by equation (36).

50 ¢
w |
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20 [
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1/T (1/K)
0=5 °C/min * ©@=10 °C/min 0=15 °C/min ©=20 °C/min 0=30 °C/min P=40 °C/min — Linear (!
Figure 34 CKA method plot for calculating the activation energy of the thermo-
degradation reaction of Rubber I in an atmosphere of N2 at 20 ml min™ and non-
isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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Table 18 shows the calculated magnitudes of Figure 34. Noting that the
minimum value of R? is 0.9994, indicating a fit very close to that of a line with the
inverse of temperature. The individual values of the activation energy listed are a
reflection of the tendency of the lines to be almost parallel to each other, as they are
computed from the slopes of each line. The average activation energy is 244 kJ mol

! with an uncertainty of 7 kJ mol* which is approximately 3 % of the absolute value.

Table 16 Results of the CKA method for calculating the reaction order of Rubber |
in an atmosphere of N2 at 20 ml min™t and non-isothermal conditions at heating
rates of 5, 10, 15, 20, 30 and 40 °C min™.

@ (K/min) E(kImol?) e In(A /min) YinA R?

5 249.2 0.1 39.94 0.01 0.9997
10 249.3 0.1 40.73 0.01 0.9998
15 237.9 0.1 39.18 0.02 0.9997
20 251.1 0.1 41.71 0.02 0.9997
30 240.7 0.1 40.39 0.02 0.9998
41 233.4 0.2 39.53 0.03 0.9994

E (kI molY) 244 vE 7

In(A /min™) 40.2 YinA 0.8

Table 19 presents a general summary of the average of the results obtained
calculated by the CKA method (Appendix J1 to J12) for each rubber sample.
Degradation energies are reported with a maximum uncertainty of 9 kJ mol*
(approximately 4%). Appreciating that they are obtained from the slopes of the
CKA model in a range of heating rates from 5 to 40 K min™. The linear behavior
and a propensity to be ordered almost in parallel within the limits studied stands
out. On the other hand, the average of the frequency factor expressed as In(A / min’
1y oscillates close to 42 and have a maximum uncertainty of 2 (close to 4%) giving
very close values despite being calculated by the intercept of the straight at each

speed.
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Table 17 Results for the 6 Rubbers by the CKA method in a N2 atmosphere at 20
ml min*! and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40

°C min™.

Rubber fl Yi EkImolY) y& In(A/min?)  yima
| 087  0.05 244 7 40.2 0.8
Il 090 0.05 251 5 41.6 0.6
1] 0.86  0.04 240 5 39.7 0.8
\Y 1.05  0.07 265 7 44 1
Y 1.02  0.08 255 9 42 2
VI 090  0.05 250 2 41.3 0.8
5.3.4.3.

Application of the isoconversion principle on the CKA method (CKA-

i)

It is typical to observe in literature that the isoconversion principle is
discussed for differential methods only by the Friedman equation. The application
of the isoconversion principle in the CKA model with 0.05 separation interval in
the conversion, projects a series of lines with behavior that approximates straight
lines, whose behavior in global projects a surface as shown in Figure 38. For further
analysis, we assign the CKA-i code to the straight lines obtained under the
isoconversion condition. The formal proposal of this method is in equation (42)

which we recall below.

[ Q)Q (38)
6 ln ﬁ E
B 3 (—gp+mna)  Eq
aT-1 B aT-1 R
Qa;

As can be seen in equation (42), the effect of including a reaction model in
the computation of the differential method still allows the calculation of the

activation energy. Comparing Figure 35 of CKA-i with Figure 29 of the Friedman
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method, the difference is that the projected surface when joining the multiple lines
is flat for CKA-i and a curved plane for Friedman. In Appendix K1 to K6 can
visualize the CKA-i plots for the 6 Rubbers.

45 |
35

25 |

In(@(de/dT)/(1-c)v)
(=]

o
n

-15

25 L

1.20E-03 1.25E-03 1.30E-03 1.35E-03 1.40E-03

/T, (1/K)

Figure 35 CKA-i method plot for the thermo-degradation reaction of Rubber I in
an atmosphere of N2 at 20 ml min™ and non-isothermal conditions at heating rates
5, 10, 15, 20, 30 and 40 ° C min™.

The differences in values between CKA-ic and Friedman show that the
reaction model is not responsible for the inclination of the lines calculated under
the isoconversion condition of both.

Table 18 shows for Rubber I, how the activation energies vary with the
conversion into CKA-i (using the principle of isoconversion), for the other samples
the information is found in Appendix K7 to K12. Contrasting these results with
Table 13 (Friedman results) highlights the fact that the values between both
methods differ by less than 7% for the activation energy and 10% for the natural

logarithm of the preexponential factor.
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Table 18 Results of the CKA-i method for the thermo-degradation reaction of
Rubber | in an atmosphere of N at 20 ml min* and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 ° C min™.

o R? Eo (kImol?)  yEq In(A /min™?) YinA
0.20 0.9979 581 13 95 2
0.25 0.9978 551 13 90 2
0.30 0.9975 534 13 87 2
0.35 0.9973 524 14 85 2
0.40 0.9971 517 14 84 2
0.45 0.9967 510 15 83 2
0.50 0.9962 505 16 82 2
0.55 0.9961 499 16 81 2
0.60 0.9958 492 16 79 3
0.65 0.9954 486 16 78 3
0.70 0.9953 478 16 77 3
0.75 0.9949 476 17 77 3
0.80 0.9944 471 18 76 3
0.85 0.9945 465 17 74 3
0.90 0.9943 462 17 74 3
0.95 0.9938 464 18 74 3

Average & (K1 mol) 501 v 33
In(A /min™?) 81 YinA 6
5.3.4.4.

Correction of the isoconversion CKA method (CKA-ic)

To better visualize the reason why the data is transformed into a flat surface,
the plots of Figure 34 and Figure 35 is superimposed, resulting in Figure 36. This
operation can also be expressed as the superposition of the CKA type curves with
CKA-i. Similar results are seen in Appendix L1 to L6 for the 6 Rubbers.

Figure 36 allows several points to be made. The first, it is equally valid to
consider the principle of isoconversion in CKA, since there is the linear trend of the
graph when the heating rate is varied at a constant conversion (values of R?>
0.9938) as shown in Table 18. On the other hand, the 7% difference with

Friedman’s results validates this idea.
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Figure 36 CKA method plot for Rubber I in an atmosphere of N at 20 ml min™,
under non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min
. Analyzed under the isoconversion condition. Corresponding to the overlay of

Figure 34 and Figure 35.

Figure 37 shows the comparison of Figure 35 of (CKA-i plot for Rubber I)
with the shape of Figure 25 (OFW plot of Rubber 1). Similarities between these
models are appreciated. CKA-i is a plane that has been spatially rotated in the
Cartesian plane, displacing the base of said plane (corresponding to the segment of
conversions) with respect to the abscissa axis (1/T).

Suitably this displacement agrees with the inclination determined for CKA.
Based on this fact and on space geometry it is possible to propose the subtraction
of the tangents of CKA-i minus the average tangent of CKA, the resulting in a new
plane would be made up of lines of the CKA method with the corrected
isoconversion approximation (CKA-ic). This last CKA-ic plane would be aligning
the axis of the abscissa with the base of the plane (conversion segment). In the same
way, the cut-off point of both graphs can be adjusted, which corresponds to In (A).
Results of this approach to the subtraction of the slopes CKA-i minus CKA = CKA-
ic are observed in Table 19. Similar results are shown in Appendix L7 to L12 for
all Rubbers.
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Figure 37 Comparison of OFW (a) with CKA-I (b) for the degradation of Rubber
| in an atmosphere of N at 20 ml min', under non-isothermal conditions at heating
rates of 5, 10, 15, 20, 30 and 40 °C min™,

On the other hand, taking the data from Table 19that contemplates the CKA-
ic results can be compared with the OFW results (Table 11). Where the closeness
of the values of both methods is noticeable, which differ by approximately 6% from
each other.

Taking into account the mentioned points, it could be affirmed that CKA-ic
represents the proof that there is between the differential and the integral methods.
Formally, mathematicians know this as “Fundamental theorem of calculus”[101],
and in this case it would be a particular application of the theorem. This statement
can be understood in Figure 37 where at the ends of the plotted planes the values of
log @ are placed to identify the plane that is rotated on the Cartesian axis, it agrees
with the OFW method
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Table 19 CKA-ic results for Rubber | considering the isoconversion principle for

the thermo-degradation reaction in an atmosphere of N at 20 ml min™ and non-

isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.

o R? EkImol) v In(A/min?) YinA
0.20 0.9979 337 20 55 3
0.25 0.9978 307 20 50 3
0.30 0.9975 290 20 47 3
0.35 0.9973 280 21 45 3
0.40 0.9971 273 21 44 3
0.45 0.9967 266 22 42 3
0.50 0.9962 261 23 41 3
0.55 0.9961 255 23 40 3
0.60 0.9958 248 23 39 3
0.65 0.9954 242 23 38 3
0.70 0.9953 234 23 37 3
0.75 0.9949 232 24 36 3
0.80 0.9944 227 25 35 4
0.85 0.9945 221 24 34 3
0.90 0.9943 218 24 34 3
0.95 0.9938 220 25 34 4

Average E (kJ mol?) 257 YE 33
In(A /min™?) 41 YinA 6

P. Budrugeac[46] has supported by mathematical proofs and simulations in

his articles that there are differences between the results of the integral and

differential methods.

P. Budrugeac et al.,[50] he has also expressed the need to be critical of

methods that use the isoconversion approach. Considering that during the deduction

of the mathematical expressions of the integral non-isothermal kinetic methods, the

activation energy is an independent parameter of the conversion. P. Budrugeac et

al.,[50] states that the mathematical results of activation energy as a conversion

dependent variable are not correct. This suggestion is valid since, as demonstrated

by the methods studied under the isoconversion approach in the rubbers of this

work, the activation energy | and the frequency factor (A) are dependent on the
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conversion. As an example, Figure 38 can be used as a reference. Additional results
for all rubbers are in Appendix L13 to L18.
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Figure 38 a) behavior of the activation energy and frequency factor at different
conversions. B) variation of the activation energy with the frequency factor. For
Rubber I. Obtained with the CKA-ic method under non-isothermal conditions at
heating rates of 5, 10, 15, 20, 30 and 40 °C min‘’. Analyzed under the isoconversion

condition.

Another approach to this idea is achieved by analyzing the fundamental

mathematical expression of reaction rate equation (6). Understanding that for a

single value of Z—‘z = Q’;—Ta, only one value of E and A is accepted, f () being fixed.

In general, it is observed in many works where the magnitudes of E and A vary with
the conversion, the tendency to average as an attempt to compensate and report a
single value. As an example, E is weighted in the works of Kalaee et al.,[29] or
Gamlin et al.,[91] who present results with EPDM. But this could bring differences

between results depending on the conversion rate approved by the author.

da 0O¢da _E
@ = ar ~Ae @

(6)
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5.4.
Kinetic triplet

As defined above, the correct description of a degradation model of the
EPDM jacket extracted from the ESP cables will depend on the estimation of the
activation energy (E), the pre-exponential factor (A) and the order of reaction (n).

Therefore, in section 5.3 the selected methods are able to provide the results
of these kinetic triplets (E, A and n) by using the correct approximations. For
example, for the methods of: KMW and OFW it starts with the assumption that the
order of reaction n=1. In Friedman's method the order of reaction is omitted by
proposing that the reaction model is constant. Finally, in the method of CKA and
CKA-ic require a reaction model f(a) that is validated or refuted by the results.

An important concept to take into account concerns apparent Kinetic
parameters. This terminology is used by authors such as J. Criado et al.,[102] to
refer to the activation energy calculated by non-isothermal methods under the
condition of isoconversion, referring precisely to the values of the activation
energies that vary with the degree of conversion. V. Pistor et al.,[103] worked with
a vulcanized elastomer using the apparent term to refer to the activation energies
obtained in composite materials. Particular case where the measured experimental
value of energy contemplates the sum of all the activation energies present in a
process, being the consequence of physical-chemical phenomena presented in
parallel and that cannot be measured individually. Then it is pertinent to clarify that
all the values of the kinetic triplet of this study are considered apparent by the
conditions that are analyzed.

Figure 39 shows a summary of the apparent activation energies obtained by
the methods: KMW, OFW, Friedman, CKA and CKA-ic. Highlighting the
methods: KMW, OFW, CKA and CKA-ic with values of the apparent activation
energies ranging from 198 to 265 kJ mol, while the apparent activation energy by
Friedman's method is varying in values from 481 to 496 kJ mol™.

The results of apparent activation energy by the Friedman method are above
the values of the other methods. Although this difference is high, it is not
uncommon to see studies where the values presented differ by 30% when compared
to other methods. Marinovi¢-Cincovi¢ et al.,[104] report fluctuations in the


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificagcaoDigital N° 1821742/CA

77

apparent activation energy for the thermodegradation of EPDM in the N
atmosphere from 70 to 450 kJ mol™* when using KAS and Friedman whit conversion
between 0.5 to 0.95. Results of this type suggest what has already been stated that
by using the term EPDM a large number of possible formulations are covered,
which are so called without giving more details. Although the adjustment of the
data is mathematically consistent with Friedman's method there are no reports of
activation energies of 500 kJ mol™. These values could be specific to the system.
So, for Friedman's results they will be taken only as a reference value.
Experimental results from authors like Gamlin et al.,[91] who has reported
an apparent activation energy ranging from 216 to 234 kJ mol! in
thermodegradation of EPDM where ethylene content is varied. Kalaee et al.,[29]
show differences of apparent activation energy from 70 to 170 kJ mol™* in EPDM

mixtures with ZnO particles of various morphology, size and concentration.
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Figure 39 Summary plot of the apparent activation energies obtained by the
different methods for the degradation of the 6 EPDM rubbers, under N2 atmosphere,

evaluated under non-isothermal conditions.

Table 22 shows the numerical values of the apparent activation energies
computed with all the methods appreciating the uncertainty of each magnitude.
Focusing the attention on the CKA-ic results, the proximity with OFW results is

® Friedman
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noted. Reaffirming the feasibility of making calculations in the isoconversion

condition.

Table 20 Summary of the apparent activation energies obtained by the different

methods for all the EPDM rubbers extracted from the jackets.

Method Rubber I 1 i \Y/ \Y VI

KMW  E(kJmolt) 234 240 231 227 245 243
YE 6 11 7 12 4 12

OFW  E(kJmoll) 249 252 249 246 245 252
YE 28 30 25 28 28 29

CKA E((kJmolt) 244 251 240 265 255 250
YE 7 5 5 7 9 2

CKA-ic E (kJmoll) 257 260 265 241 252 263
YE 33 34 29 28 27 29

Friedman E (kJmoll) 489 494 493 484 481 496
YE 40 44 36 41 42 38

By listing the apparent activation energies individually for each rubber in the
KMW, OFW, CKA and CKA-ic methods it is feasible to observe that the different
values fall within the uncertainty range. The variation of approximately 5% can be
interpreted as that the composition of the cables and variables such as pressure
(proportional to depth) have no significant influence on the aging kinetics.

Again, it has to be understood that the differences in results observed between
the different methods are based on:

Form that were developed: integrals or differentials. If an integral method is
being used, the asymptotic approximations of P(x) proposed by each individual
author must be considered.

Approaches such as assuming order of reaction n= 1 or a reaction model of
fl@)=>0-a)™

Based on the results of FTIR and TGA where it can be seen that the
composition of the polymeric matrix of the composite material is 54.3 % EPDM
minimum. All samples can be analyzed together. The results of Table 20 show that
the variations of the apparent activation energy of the 6 samples are very close
among them, including deviations. This indicates that the aging process of the
material in the studied well conditions is not intense enough to produce a

degradation quantified by this method.
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As already discussed, the reaction order for the KMW and OFW methods, it
iIs more a variable set at n=1 than a calculated magnitude. This condition is
necessary to calculate the frequency factor A. On the other hand, CKA allowed to
have an apparent reaction order value of 0.95 on average. Very close to the unit.
Therefore, the approximation of n=1 could be considered valid. C. Gamlin et
al.,[39] reported in isothermal experiments reaction order values of 0.72 for
thermodegradation of EPDM thus validating the results of this study.

Figure 40 summarizes the apparent results of the pre-exponential factor
calculated by KMW, OFW, CKA, CKA-ic and Friedman. Emphasizing again the
magnitude calculated by Friedman's method moves away from the results of the
other methods. This variation may be due to the Friedman model hypothesis where
the dependence of the reaction model on the kinetics of the thermodegradation of
EPDM rubber is not included.

100

90 F
80 F
70 [
60 E
o uKMW
uOFW
ECKA
B CKA-ic

® Friedman

50 F

In(A /min)

40 F
30
20 f

I II I v A% VI
Rubber

Figure 40 Apparent preexponential factor of degradation obtained by the different
methods for the degradation of the 6 EPDM rubbers, under N2 atmosphere,

evaluated under non-isothermal conditions.

Table 21 shows the results of the InA obtained by KMW, OFW, CKA, CKA-
ic with an average being around a value of 40 and perceiving that CKA is one of
the calculations with less uncertainty while CKA-ic predicts results. similar to
OFW. C. Gamlin et al.,[39] report variation of the InA from 30 to 36 when they
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studied thermodegradation with EPDM with different polyethylene content in

isothermal condition.

The activation energy data obtained by non-isothermal methods from various
authors who worked with polyethylene and polypropylene are listed below: S.
Zhong et al.,[105] with high-density polyethylene (HDPE) 263 kJ mol™?, T. Yee et
al.,[106] with low density polyethylene (LDPE) 280 kJ mol™?, W. Hao et al.,[107]
with polypropylene (PP) 190 kJ mol™. These data can be used to predict the
influence of ethylene and propylene content on the degradation of a terpolymer such
as EPDM. Of course, this estimate does not consider the contribution of diene,
cross-links and typical EPDM characteristics.

In literature, different activation energy values are observed for the same
EPDM thermodegradation reaction in the presence of N2 gas, where variables such
as additives, charges, ethylene/propylene ratios or the content of additives are
evaluated.

C. Gamlin et al.,[91] modified the ethylene/propylene ratio in various
mixtures when manufacturing different EPDM rubbers, obtaining mixtures that
ranged between 40 and 75% ethylene and whose values of apparent activation
energy calculated by FWO in non-isothermal condition ranges from 216 to 234 kJ
mol?. C. Gamlin et al.,[39] also evaluated the same mixtures by isothermal
methods, reporting values for the activation energy of 172 to 226 kJ mol™. They
reported an increase in the stability of EPDM with the highest proportion of
ethylene content in the copolymer. Another parameter reported by the authors is the
preexponential factor that, expressed as InA, ranges between 25 and 36 In(min™).
In parallel, the reaction order that C. Gamlin et al.[39] reported by isothermal
methods was in a range of 0.61 to 0.84.

According to Kalaee et al.,[29] EPDM mixtures with zinc oxide particles of
different size, morphology and concentration produce variations in the activation
energy by thermally degrading in the presence of N2 gas with values from 69 to
169 kJ mol™? kJ mol™. They used the Kissinger and Friedman methods to do the
calculations under non-isothermal conditions. The highest thermal stability is
achieved with the smallest particle sizes of zinc oxide. In EPDM chains, a possible

thermal insulation effect or limitation of chain movement is mentioned
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Table 21 Summary of the apparent preexponential factor of degradation obtained
by the different methods for all the EPDM rubbers extracted from the jackets.

Method Rubber | 1 11 \Y V Vi
Kissinger In(A /min’) 36 38 36 35 38 37
Vina 11 11 10 10 11 11

OFW In(A /min™) 39 40 39 39 39 40
Vina 5 6 5 6 5 6

CKA In(A/minYy 40 42 40 4 42 4
Vina 1 1 1 1 2 1

CKA-ic In(A /min’) 41 4 42 38 40 42
Vina 6 6 5 5 5 5

Friedman In(A /min™) 78 79 79 77 77 79
Vina 8 8 7 8 8 7

When studying the cables individually per well and using the differently
proposed kinetic methods it is possible to notice that there is a maximum variation
of activation energy of 5%. therefore, the change with depth can be considered
insignificant. In the case of the pre-exponential factor, the same trend is repeated.
This would imply that for the 2 groups of cables, regardless of the composition of
the filled, there is no effect on the degradation or aging kinetics.

The low variations of E and A between the different samples agree that the
chemical changes in the EPDM matrix are not really strong under the aging
conditions that the cables are exposed in the well. In other words, thermo oxidation
and aging have an effect on a small fraction of the polymer chain (probably chain
ends, amorphous portions, weak points of the chemical structure), keeping the
chemical structure of the main chain intact.

Comparing the 5 methods KMW, OFW, Friedman, CKA and CKA-ic in an
experimental approach it is possible to discern that each one has its benefits. For
example, OFW, Friedman, and KMW omit the use of the reaction model (f(a)),
which can get complex, but can also lead to error, since these methods assume
reaction order 1. Rather, The CKA method requires testing several reaction models
to find the best fit, but has the advantage of providing the kinetic triplet.

To perform the calculation in each of these methods, it is necessary to plan
different heating speeds to be able to draw straight lines in the graphs of each
method. For example, in the literature it is possible to find suggestions for Kissinger
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and OFW where standards such as ASTM E2890 and E698 suggest the use of 4 to
9 heating speeds for the calculation of the activation energy. This suggestion arises
from the need to have enough points to allow the best trend line to be drawn between
the experimental points found. This same logic can be applied to the Friedman and
CKA-ic methods where the trend line trace is under the condition of isoconversion.
The CKA method, on the other hand, although it requires posing reaction models
(f(a)) is not limited by the need to use multiple heating rates to draw the best trend
line on your graph. Actually, the CKA method originally covers the entire
conversion range of the experimental data, which implies that for every line drawn
by regression under this method, there can be experimental points that easily exceed
1000 data. From the experience in the present work, for heating speeds of 40 and 5
°C min’t, more than 1800 and 15000 data are obtained respectively. And since in a
wide range of heating rates from 5 to 40 °C min, the CKA method has shown that
there is a low difference between the results of the activation energy, the reaction
order and the pre-exponential factor, they could only be proposed 3 heating speeds,
thus reducing the number of proposed experiments equivalent in time and

resources.

5.5.
Mechanical proprieties

The variation of mechanical properties with the aging of thermoplastics such
as EPDM has been reported previously by Hamza [108] and Canaud et al.,[109] by
studying the effects of aging on EPDM rubbers.

55.1.
Shore D Hardness

Table 22 and Figure 41 show the behavior of the Shore D hardness of the 6
rubbers, showing a variation between the samples within the range of the
uncertainty of the measurements. It is shown the proximity of the Shore D hardness

values for the aged I111-VI rubbers with the reference samples I and 11 (virgin cables)
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Table 22 Shore D Hardness for all EPDM samples.

Time Hardness
Rubber  Depth (m) (days) Well Shore D 'YShore D
(HD)
| 0 0 N/A 20.6 3.2
1| 0 0 N/A 23.7 1.6
Il 760 1752 B17 254 2.4
v 917 738 A28 25.3 2.2
Vv 1927 738 A29 23.8 2.6
VI 2170 1752 B17 19.4 1.8

In counterpart, Hamza et al.,[108] reported that properties such as hardness
increase when the amount of charge increases (carbon black) and when aged under
accelerated conditions for a short period of time (72 h max) within the temperature
range from 120 to 180 °C.

Comparing EPDM from two different depths from the same well (rubbers I11
vs VI and IV vs V) there is a small tendency to decrease the Shore hardness D. For
rubber 111 vs VI there is a 20% reduction in hardness. It is worth mentioning that
the conditions of the cable VI were the most severe (the longest periods and the

maximum depths).

350 [

300 f

25.0
20.0
15.0
10.0
00 | - - - - .
1 I 1 v v VI

Rubber

Shore D Hardness (HD)

Figure 41 Shore D Hardness EPDM rubbers.
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5.5.2.
Tensile test

Figure 42 shows typical results obtained for rubber I using rectangular prism-
shaped test bodies (Figure 8), extracted from the jacket of ESP cables. It is easy to
appreciate that in the region of low deformations the curves of the same EPDM tend
to coincide, allowing to obtain a low uncertainty in Young's modulus. The Yield
Strength are obtained considering a secant line at 0.005 strain. It is also possible to
observe oscillations in some curves due to slippage between the samples and the
jaws. Finally, the maximum elongation has a large data dispersion due to
phenomena of early breakage of the test bodies caused by irregularities in the
surface of the samples itself caused by wearing the material. This phenomenon of
formation of critical points is known as stress concentrators. Authors such as
Yamamoto et al.,[110] explain how the presence of stress concentrators contributes
to the early failure of the material. Appendix M1 to M6 includes the results of all

the tests of all EPDM rubber specimens.
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Figure 42 Stress-strain curve of Rubber | samples.

A summary of mechanical properties obtained by tensile tests is shown in

Table 23. Figure 43 shows Young's modulus varying from 15 to 20 MPa in 6 EPDM
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rubbers, highlighting again the specimen VI which is the only one that shows

significant variation in respect to other specimens.

Table 23 A summary of mechanical properties evaluated by tensile tests

Young’s Yield Tensile Maximum
Rubber modulus yym Strength yys Strength s Strain (%) YMs
(MPa) (MPa) (MPa) °
I 20 2 06 0.1 4 0.5 78 20
I 19 1 05 02 32 01 82 10
i 19 3 06 03 34 038 92 56
v 20 2 06 01 37 05 117 16
\% 18 1 05 01 45 07 131 46
VI 15 1 05 01 61 07 207 46

25
: Om Om 760 m 917 m 1927 m 2170 m
20 |
g
% L
g 15
2 |
=) |
»‘;‘010 3
5 |
=
i
0 L 1 1 1 1
1 I 111 v A% Vi
Rubber

Figure 43 Young’s modulus of EPDM rubbers.

The Yield Strength values are plotted in Figure 44, showing that their

magnitudes can be considered constant for all rubbers.
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Figure 44 Yield Strength of EPDM rubbers.

In the case of Tensile Strength or Maximum Tensile Strength (UTS) the
magnitudes are shown in Figure 45. One can notice a slight increase for rubber VI.

0m 0m 760 m 917 m 1927 m 2170 m

Tensile Strength (MPa)

4 -
3 -
2 -
1 -
0 . . . ‘ )
I I 111 v \Y% VI

Rubber

Figure 45 Tensile Strength of EPDM rubbers.

Assink et al.,[111] suggested that the increase of tensile strength and Young’s

modulus trend is justified by the increase in cross-linking. These authors performed
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an aging study for 90 days at 140 °C for an EPDM formulation used for O-rings and

with an initial Young’s modulus as low as 7 MPa.

Among the four mechanical properties extracted from the uniaxial tensile
stress tests it is evident that maximum strain, tensile strength and Young’s modulus
are the most sensitive to aging degradation. Another striking phenomenon is the
subtle tendency of tensile strength and maximum strain to vary in parallel with
depth (an information added at the top of each Figure from 42 to Figure 45).

Sarac et al.,[28] studied the accelerated aging of EPDM under radiation doses
at temperatures from 25 to 85 °C, showing the sensitivity of the parameters such as
maximum elongation and UTS. Phenomena of increased cross-linking compete
with chain cleavage under the condition of accelerated aging by radiation and
temperature, modifying the response of the material. Sarac's records agree that there
Is an increase in UST when the increase in cross-links dominates aging, reaching a
maximum where the decrease is a consequence of chain cleavage. While the
elongation at break experiences a decrease regardless of the phenomenon. This
condition appears to be repeated in the real-time aging of the EPDM rubbers
studied.

300

0m 0m 760 m 917 m 1927 m 2170 m

250 |
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Figure 46 Maximum strain of EPDM rubbers.
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5.6.
Scanning Electron Microscope (SEM) coupled with energy
dispersive X-ray spectrometer (EDX)

Table 24 presents a summary of the composition of the major elements
obtained when analyzing the rubbers of the 6 samples by EDX.

C as the most widespread element, is presented in the range between 76.5 to
88.1 wt.%. Oxygen, silicon and aluminum agree with the presence of inorganic clay
fillers. The elements such as sulfur and zinc can be recognized as part of the
vulcanization additives added to the formulation mixture (Yuan et al. [112]).

An important finding by EDX is the aluminum-silicon proportion of the
rubbers IV and V is that their proportions are very similar when Kaolin used as
filler[113][114]. This can be better appreciated in the Figure 47. This ratio Al/Si
can be used as an indicator to recognize the mineral source of the filler.

The EDX results again demonstrate the difference between the 2 groups of
samples studied according to their filler (Metakaolin Group 1= rubbers I, 1l, I11, VI
or Kaolin Group 2= rubber IV and V) and they are used for possible changes in the

degradation kinetics of the materials.

Table 24 Majority elemental composition determined by EDX

Rubber  Element Carbon Oxygen Aluminum Silicon Sulfur Zinc

| Weight (%) 872 7.3 0.72 34 023 06
Y 0.1 0.1 0.02 01 001 04
y Weight (%) 858 9 0.76 31 019 06
Y 0.8 1 0.02 01 001 05
g Weight(%) 8L7 09 2.3 469 026 1.16
Y 0.6 05 0.2 0.04 0.03 0.06
y  Weight(%) 765 1621 35 34 017 0.25
Y 02  0.08 0.1 01 003 0.02
v Weight(%) 811 1202 3.43 31 0101 0.08
Y 03  0.04 0.07 02 0.001 0.08
v Weight(6) 881 7.4 0.51 25 021 06

Yw 0.2 0.2 0.02 0.1 0.04 05
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Figure 47 EDX Results for Aluminum and Silicon.

5.7.

Crosslinked content

VI

Table 25 and Figure 48 summarize the results of the cross-link fraction

showing that the studied samples do not present important variations in cross-link

fraction. It is normal to consider the increase in cross-linking in those formulations

where there is an excess of vulcanizing agent (under the conditions of minimum

reaction temperature) but as it appears that this is not the case. Rubber I and II

reference samples have very similar values when compared to the aged samples.

Table 25 Cross-link fraction all rubbers.

Time Depth Cross-Link

Rubber  Well (days) (n?) Fraction (w/w) VoL
| 0 0 0.67 0.02

I 0 0 0.71 0.01

1 B-17 1752 760 0.72 0.004
v A-29 738 917 0.62 0.03
\/ A-29 738 1927 0.72 0.002
VI B-17 1752 2170 0.73 0.006
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Figure 48 Cross-link fraction for EPDM rubbers.

Considering that the cross-link is constant and that the Young’s modulus is
decreasing, it is evident that other factors are responsible for this difference. This
phenomenon occurs when substances such as plasticizers are added to a polymer
mixture [115]. In this case, the formation of low molecular weight compounds will
be caused by the degradation of the polymer matrix. Especially of the unvulcanized
fraction of the rubber, starting with the amorphous regions [116] that are the most
susceptible to thermal degradation. These new low molecular weight fractions can
act as interchain plasticizers, reducing modulus and providing greater flexibility to
the movement between chains facilitating the strain of the material.

Planes et al.,[117] confirm that the amorphous regions of EPDM are the most
likely to be degraded under gamma irradiation aging processes. Additionally,
Planes et al. comments that the degradation of the crystalline regions is not ruled

out, having its impact on the mechanical properties.
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5.8.
Absorption of Packer-Fluid+Safe-Scan

The behavior of the absorption of the Packer-Fluid+Safe-scan mixture in the
six EPDM rubbers is shown in Figure 49. There is a small increase in mass over
time of the six rubbers, showing that this material is susceptible to absorb the fluid.
The curves obtained present some variations presumably produced during handling
of the samples on drying or systematic errors in the balance. This explanation of
small variations is typical for the technique suggested in ASTM D570[72].

Figure 49 highlights 2 groups of different adsorption rates. The first group
with the highest slope corresponds to rubbers IV and V identified by FTIR as kaolin
formulations. The second group that includes rubbers I, 11, 11l and VI coincides with
the material filled with Metakaolin.

Xiao et al.,[1] comment that EPDM can swell in the presence of various
organic solvents, even in water to a lesser extent, and to prevent it from becoming
embedded in the annular space, it is protected with Packer fluid. Table 26 shows
the percentage of Packer-Fluid+Safe-scan absorbed at the end points of the study,

being able to easily discriminate the rubbers by their response to adsorption.

0.6

Weight (%)

t12 (hlv.’.)

Figure 49 Percentage variation of mass for the all rubber immersed in Packer-

Fluid+Safe-scan.
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Table 26 Percentage end absorbed weight all rubbers.

% Average

0,
Group Rubber & Abgorbed absorbed Yoenaw
weight .
weight
I 0.43
] 0.39
1 " 0.41 0.42 0.02
VI 0.43
v 0.5524
2 y 0.5531 0.5528 0.0004

Figure 49 shows that the constant saturation level was not reached during the
time that the absorption was evaluated. This could explain the difference in the
magnitudes reported in Table 26. Based on the TGA results (Table 7), an
approximation of the maximum amount of fluids absorbed can be predicted using
mass losses in the range of 30 to 250 °C, these values correspond to 1.47 and 0.67

wt.% for groups 1 and 2 respectively.
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6
Conclusions and future works

6.1.
Conclusions

This work carried out a study of the physical, chemical and mechanical
properties of the EPDM rubbers extracted from the Jacket of ESP cables that were
used in the Peregrino field for periods of time of 738 days (2 years) and 1752 days
(4.8 years), therefore, aged during that period of time under actual operating
conditions.

The kinetic parameters studied allowed for evaluation of the Kkinetic triplet
(apparent activation energy, pre-exponential factor and reaction order) for each
material using non-isothermal methods (KMW, OFW, FR, CKA and CKA-ic).

CKA-ic is a new proposal for a kinetic computation method to evaluate non-
isothermal systems under isoconversion conditions that shows results very similar
to OFW for the calculation of the apparent activation energy and the pre-
exponential factor. This new method responds to the gap found in the literature
regarding the difference between integral and differential methods. When
comparing CKA and CKA-ic, differences between methods with and without the
isoconversion condition are explained.

The Kinetic results validate a variation of approximately 5% in the activation
energy between the 6 rubbers extracted from the Jacket covers of the ESP cables
used in the Peregrino Field. Therefore, it can be considered that the activation
energy is not influenced by the composition of the materials, or by the pressure
(directly proportional to the depth) or any other operational condition. These
variations show that the structure of the polymeric material is not so drastically
affected despite having been used for 4.8 years.

Shore D hardness tests show that there is no variation in its magnitude in the
investigated EPDM samples before and after aging.

Variations of 150 % of maximum deformation, 50 % of tensile strength and

20 % of Young's modulus were recorded in the uniaxial tensile tests when
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comparing the rubber of the most extreme conditions (depth (2170 m) and time (4.8
years)) with rubber removed from cables that were deemed new or stock.

The adsorption results show that there is a clear dependence on the affinity of
the material and the composition of the aluminosilicate filler. Showing that kaolin
tends to absorb faster than metakaolin.

From our study it can be concluded that the EPDM-based layers of ESP cables
suffer very slight aging under the operational conditions of the reservoir. The slight
changes in the activation energy of the material during its thermodegradation reveal
that its chemical structure is maintained over time, leaving no evidence of chain
breaks or changes in crosslinking concentration.

According to what has been evaluated, the effect of aging in well conditions
does not lead to destructive modifications of the EPDM rubber matrix. Therefore,
it can be affirmed that the EPDM of the jackets are not weak links in the structure
of modern ESP systems, although a greater number of ESP cables from different
wells, naturally aged in conditions actual operating over periods of several years,
and at different depths, it would be a mandatory requirement to acquire a more
robust set of data and knowledge about the degradation processes within these
cables.

6.2.
Future works

To improve the values of the mechanical properties, it is necessary to consider
increasing the number of samples and for this it is suggested to use longer lengths
than the original cable samples.

CKA-ic proved to be a kinetic analysis method with results similar to OFW.
In this case a thermodegradation reaction was analyzed using a single reaction
model. To complete and validate its application, it is necessary to use reactions with
reaction orders different of 1.

Taking into account the variety of operating conditions (temperature,
pressure, well fluids) in ESP lifting systems and that there is a lack of data bases
that consider the loss of properties of materials such as EPDM when they are used
in these facilities. In the future, it would be interesting to work with a greater
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number of cables from different wells, since in this way more reliable data on the
effect of aging on the EPDM layer could be obtained.
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Appendix

Appendix A Supplementary material to support Chapter 4.

AppendixAl

§ZaW CENTRILINE CEBER with CAPILLARY ROUND

BAKER
HUGHE

Centrilift

PART NUMBER:
DESCRIPTION:

1. CONDUCTOR:
2. INSULATION:
3. BARRIER:

4. JACKET:
5. INNER ARMOR:

6. TUBE:

7. OUTER ARMOR:

MARKER:
TEMPERATURE:
TESTED:

Figure Al

SPECIFICATION

76011
1/0SOLBC/5KV/90/HTFB/185/HGALV/2-3/8”STN’L TUBE-GALV-R

1/0 AWG SOLID SOFT DRAWN BARE COPPER (SDBC)
DIA =0.326" 8.28 mm

EPDM DL90, 5KV DIA =0.512” 13.00 mm
HIGH DIELECTRIC, OIL RESISTANT

90 MIL NOMINAL THICKNESS

81 MIL MINIMUM THICKNESS

FLUORO BARRIER™, FEP PROTECTS THE INSULATION FROM
FLUIDS AND CHEMICALS
MINIMUM THICKNESS, 10MIL DIA =0.534” 13.56 mm

EPDM JACKET, CL-185, OIL RESISTANT, HIGH MODULUS EPDM
60 MIL NOMINAL THICKNESS
48 MIL MINIMUM THICKNESS
NOMINAL DIAMETER OVER JACKET SPLINES

1.342” 34.06mm

GALVANIZED STEEL ARMOR, 1/2" X .034"

NOMINAL DIAMETER OVER ARMOR 1.541" 39.14 mm

SPECIAL STAINLESS STEEL TUBES, 2ea., 3/8" x .049" WALL
Intemal working PSI1=4,900; burst PSI = 19,600

GALVANIZED STEEL ARMOR, 1/2" X .025" COATED
NOMINAL DIAMETER OVER ARMOR OVAL SHAPE = 1.666” x 2.416"

42.31mm x 61.36mm
NOMINAL WEIGHT PER FOOT = 3.57POUNDS 5.31kg/m

IDENTIFICATION TAPE PLACED PARALLEL UNDER ARMOR

TEMPERATURE RATING CENTRILINE = 32°C TO 204°C
25°F TO 400°F

ICEA, IEEE 1018, AND CENTRILIFT SPECIFICATIONS

Materials and specifications are subject to change without notice.

2

W

76011CEB.doc. JUNE 1, 2009,
KLM

Image modified from Centriline Baker Hughes June 2009.

109


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificagaoDigital N° 1821742/CA

AppendixA2

Figure A2

AppendixA3

Figure A3

Image Cable I. Source of rubber |

Image Cable Il. Source of rubber II.
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Figure A4  Image Cable Ill. Source of rubber III.

Appendix A5

Figure A5  Image Cable IV. Source of rubber IV.
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Figure A6

AppendixA7

Image Cable V. Source of rubber V.

Figure A7

Image Cable VI. Source of rubber VI.
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Appendix B Supplementary material to support Chapter 5.1.1.
AppendixB1l
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Figure B1  ATR plot of Rubber I.
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AppendixB2
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Figure B2  ATR plot of Rubber II.
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Figure B3  ATR plot of Rubber Il
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ATR plot of Rubber V.
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B6  ATR plot of Rubber VI.
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Appendix C Supplementary material to support Chapter 5.2.1

AppendixC1
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AppendixC2
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Figure C2  TGA plot for Rubber Il at 20 °C min’* with N2 at 20 ml min*,
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AppendixC3
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Figure C3  Derivative weight for Rubber I, under N2 and 20 ml min™.


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificacaoDigital N° 1821742/CA

AppendixC4
IT
100 -----------------------------------------------
80
:\o‘\ L
560 T
5 I
= |
40 | —TGA
' eeees Deriv
20 1 1 L L 1 1
50 150 250 350

Temperature (°C)

Figure C4  TGA plot for Rubber Il at 20 °C min’* with N2 at 20 ml min*,

Deriv. weight (% /°C)

122


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificacaoDigital N° 1821742/CA

123

AppendixC5
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Figure C5  TGA plot for Rubber II, under N2 at 20 ml min™.
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Figure C6

Derivative weight for Rubber I, under N2 at 20 ml min™.
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Figure C7
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TGA plot for Rubber 111 at 20 °C min™ with N2 at 20 ml min,

Deriv. weight (% /°C)
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Figure C8  TGA plot for rubber 111, under N2 at 20 ml min™.
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AppendixC9

Deriv. weight (% /°C)
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Figure C9  Derivative weight for rubber I11, under N, at 20 ml min™,
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Figure C10 TGA plot for rubber IV at 20 °C min, under N2 at 20 ml mint,

Deriv. weight (% /°C)
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AppendixC11
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Figure C11 TGA plot for rubber 1V, under N2 at 20 ml min.
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Figure C12 Derivative weight for rubber IV, under N2 at 20 ml min™,
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Figure C13 TGA for rubber V at 20 °C min, under N at 20 ml min™,
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Figure C14 TGA for rubber V, under N2 at 20 ml min,
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AppendixC15
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Figure C15 Derivative weight for rubber I, under Nz at 20 ml min™.
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Figure C16 TGA plot for rubber VI at 20 °C min, under Nz at 20 ml mint,

Deriv. weight (% /°C)
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Figure C17 TGA plot for rubber V, under Nz at 20 ml min,
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Figure C18 Derivative weight for rubber I, under N2 at 20 ml min.
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Heating rate

% Weight lost

(°C min) 30-250 °C (Water)
| 1 "I v Vv VI
5 1.733 1.731 185 1.178 0.998 1.970
10 1574 1.407 1691 0.720 0576 1.736
15 1.350 1.272 1447 0.810 0.669 1.566
20 1.334 1231 1269 0518 0.425 1.508
25 1.371 1293 1266 0.614 0569 1521
30 1.350 1355 1176 0.720 0.504 1.557
40 1.434 1322 1242 0.611 0.528 1.625
Average 1.449 1373 1421 0.739 0.610 1.640
Standard deviation 0.139 0.155 0.240 0.200 0.173 0.152

Table C1  Percentage of weight water mass determined by TGA in N2
atmosphere.

Heating rate

% Weight lost

(°C min') 250-410 °C (Qil)
I I Il \Y} \Y/ VI
5 17.986 18.557 16.637 17.511 17.599 18.938
10 16.197 16.303 15.511 15.806 16.035 17.105
15 15.169 15490 13.982 15.085 14.913 16.009
20 13.695 14.152 12970 13.075 13.748 14.484
25 12.286 12.354 11.567 12.075 12.026 13.092
30 11.756 11.995 12.026 11.955 12.016 12.613
40 9.787 10.069 9.722 10.028 10.255 10.988
Average 13.840 14.131 13.081 13.648 13.799 14.747
Standard 2.611 2683 2282 2403 2377 2569
deviation

Table C2  Percentage of extender oils determined
atmosphere.

by TGA in N2
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Heating rate % Weight lost

(°C mint) 410-570 °C (EPDM)
I I Il v V VI
5 51.737 50.758 51.345 50.071 49.611 51.459
10 53.822 53.354 53.198 52317 51.747 53.538
15 55.175 54.345 54.803 53.276 53.145 54.722
20 56.429 55.812 56.07 55.253 54.135 56.607
25 58.278 58.053 57.577 56.496 56.151 58.399
30 58.557 58.282 57993 56.532 56.202 58.763
40 60.404 59.960 59.275 58.298 57.724 60.297
Average 56.343 55.795 55.754 54.606 54.102 56.255
Standard deviation  2.780 2978 2.609 2.643 2.628 2.930

Table C3  Percentage of EPDM mass determined by TGA in N

atmosphere.
Heating rate % Residual mass in 570 °C (black carbon + Kaolin or
(°C min™) Metakaolin)
I ] i \Y V VI
5 28.543 28954 30.162 31.240 31.792 27.633
10 28.407 28936 29.600 31.157 31.642 27.621
15 28.306 28.893 29.768 30.829 31.273 27.703
20 28.542 28.805 29.691 31.154 31.692 27.401
25 28.065 28.300 29.588 30.815 31.254 26.988
30 28.337 28.368 29.641 30.793 31.278 27.067
40 28.375 28.649 29.761 31.063 31.493 27.090
Average 28.368 28.701 29.744 31.007 31.489 27.358
Standard 0.151  0.251 0.183 0.176 0.208 0.283
deviation
Table C4 Percentage of black carbon + kaolin or metakaolin mass

determined by TGA up 570 °C in N2 atmosphere.
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Appendix D Supplementary material to support Chapter 5.2.2

AppendixD1
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Figure D1  TGA at 25 °C min* for Rubber I, under N2 at 20 ml min from
30-570 °C and synthetic air 20 ml min! from 570-900 °C.
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Figure D2 TGA at 25 °C min for Rubber 11, under N2 at 20 ml min from
30-570 °C and synthetic air 20 ml min* from 570-900 °C.
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Figure D3 TGA at 25 °C min for Rubber I11, under N at 20 ml min from

30-570 °C and synthetic air 20 ml min* from 570-900 °C.
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Figure D4  TGA at 25 °C min for Rubber IV, under N2 at 20 ml min from
30-570 °C and synthetic air 20 ml min* from 570-900 °C.
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Figure D5  TGA at 25 °C min for Rubber V, under N2 at 20 ml min from
30-570 °C and synthetic air 20 ml min* from 570-900 °C.
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Figure D6  TGA at 25 °C min for Rubber VI, under N2 at 20 ml min from
30-570 °C and synthetic air 20 ml min* from 570-900 °C.
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Appendix E Supplementary material to support Chapter 5.3
AppendixE1l
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Figure E1  Conversion of EPDM degradation in Rubber I, at 20 ml min™, under N2 atmosphere
with different heating rates.
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Conversion of EPDM degradation in Rubber 11, at 20 ml min™,

under N2 atmosphere with different heating rates.
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Figure E3

Conversion of EPDM degradation in Rubber 111, at 20 ml min™,
under N2 atmosphere with different heating rates.
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Figure E4

Conversion of EPDM degradation in Rubber 1V, at 20 ml min™,
under N2 atmosphere with different heating rates.
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Figure E5

Conversion of EPDM degradation in Rubber V, at 20 ml min,
under N2 atmosphere with different heating rates.
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Figure E6  Conversion of EPDM degradation in Rubber VI, at 20 ml min™,
under N2 atmosphere with different heating rates.
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Appendix F Supplementary material to support Chapter 5.3.1
AppendixF1

Rubber | Rubber 11
@ (K/min)  Tm (K) Olm @ (K/min)  Tm (K) Olm
5 743.86 0.645 5 743.23 0.674
10 755.58 0.654 10 754.69 0.633
15 765.70 0.663 15 762.56 0.674
20 770.05 0.658 20 767.67 0.657
30 779.19 0.662 30 775.40 0.642
40 784.92 0.649 40 784.60 0.664
Slope -28135 Ys 721 Slope -28869  ys 1292
Intercept 26 I 1 Intercept 27 T 2

R? 0.9974 R? 0.9920

E(ki/mol) 234 vy 6 E(k¥mol) 240 oy 11
A(min?t) 6.83E+15 ya 72100 A (minl) 2.01E+16 vya 156578

J g
233914 i 240019

k = 6.83x10'%min"te ®*'morr "X k =2.01x10%min"te **'morr "X
Table F1 Data from Kissinger model plots of Rubber I and I1. In N2
atmosphere at 20 ml min't and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min* (assuming n=1).
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AppendixF2
Rubber I11 Rubber 1V

) (K/mln) Tm (K) Om 0} (K/mln) Tm (K) Om
5 740.92 0.635 5 741.41 0.625
10 753.70 0.625 10 753.85 0.623
15 762.33 0.645 15 763.77 0.667
20 766.06 0.638 20 766.21 0.597
30 776.29 0.659 30 775.77 0.625
40 783.19 0.651 40 785.05 0.666

Slope 27838 ys 888 Slope -27305  ys 1432
Intercept 26 I 1 Intercept 25 T 2
R? 0.9959 R? 0.9891

E (kJ/mol) 231 YE 7  E (kJ/mol) 227 YE 12

A (minl) 3.21E+15 ya 31848 A(minl) 2.50E+15 ya 177852

J_ J_
231259 227014 2

- J - J
k = 3.21x10%min"te %3MmorxTX k = 2.50x10%min"te %3MmorxTX

Table E2 Data from Kissinger model plots of Rubber 111 and IV. In N2
atmosphere at 20 ml min't and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min (assuming n=1).
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AppendixF3
Rubber V Rubber VI

0} (K/mln) Tm (K) Om 0} (K/mln) Tm (K) Om
5 742.20 0.661 5 744.80 0.656
10 755.05 0.642 10 756.05 0.654
15 762.80 0.660 15 764.36 0.664
20 767.15 0.609 20 768.38 0.617
30 775.93 0.655 30 776.81 0.646
40 782.13 0.621 40 785.82 0.650

Slope -29459 s 475 Slope -29268  ys 1413
Intercept 28 I 1 Intercept 28 I 2

R? 0.9990 R? 0.9908

E(kimol) 245 vy 4  E(kimol) 243  ye 12
A (min?) 454E+16 vya 54862 A (minl) 1.91E+16 ya 65195

244919 L 243143 L
_~ """ mol S mol
]

- _J - _J
k = 454x10%min"le ®3morgTK k =1.91x10%min"le ®3morgTK

Table E3 Data from Kissinger model plots of Rubber V and VI. In N2
atmosphere at 20 ml min'* and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min (assuming n=1).
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AppendixG1
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Figure G1

1.25E-03 1.30E-03 1.35E-03 1.40E-03
1/Ta (1/K)

OFW method plot for Rubber I in N, atmosphere at 20 ml min™ and non-isothermal conditions at heating
rates 5, 10, 15, 20, 30 and 40 °C min** Analyzed under isoconversion condition.
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Figure G2

1.25E-03 1.30E-03 1.35E-03 1.40E-03
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OFW method plot for Rubber Il in N2 atmosphere at 20 ml min* and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min** Analyzed under isoconversion condition.
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Figure G3
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OFW method plot for Rubber 111 in N, atmosphere at 20 ml min? and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min"t Analyzed under isoconversion condition.
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Figure G4
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OFW method plot for Rubber IV in N, atmosphere at 20 ml min' and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min** Analyzed under isoconversion condition.

157


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificacaoDigital N° 1821742/CA

AppendixG5

1.8

1.6 f
14 |

12

log(®)

10 f

08 |

0.6

1.20E-03

Figure G5
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OFW method plot for Rubber V in N, atmosphere at 20 ml min™ and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min** Analyzed under isoconversion condition.
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Figure G6
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OFW method plot for Rubber VI in N, atmosphere at 20 ml min' and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min** Analyzed under isoconversion condition.
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o Slope vs  Intercept vy R? E (kJmol) ye  In(A/min™)
0.20 -17480 401 24.9 0.5 0.9979 322 7 53
0.25 -15942 293 22.7 0.4 0.9986 293 5 48
0.30 -15122 282 21.5 0.4 0.9986 277 5 45
0.35 -14567 282 20.7 0.4 0.9985 266 5 43
0.40 -14203 280 20.1 0.4 0.9984 259 5 41
0.45 -13890 290 19.6 0.4 0.9983 253 5 40
0.50 -13635 295 19.2 0.4 0.9981 248 5 39
0.55 -13424 302 18.9 0.4 0.9980 244 5 38
0.60 -13216 309 18.5 0.4 0.9978 240 6 38
0.65 -13022 318 18.2 0.4 0.9976 237 6 37
0.70 -12814 327 17.9 0.4 0.9974 233 6 36
0.75 -12631 328 17.6 0.4 0.9973 230 6 35
0.80 -12428 334 17.3 0.4 0.9971 226 6 35
0.85 -12216 343 16.9 0.4 0.9969 222 6 34
0.90 -11994 342 16.6 0.4 0.9968 218 6 33
0.95 -11720 350 16.1 0.4 0.9964 213 6 32
Average E (kJ/mol) 249 YE 28  In(A /min?) 39 YinA 5
Table G1  OFW method results for Rubber I, under N2 atmosphere at 20 ml min'* and non-isothermal conditions at

heating rates 5, 10, 15, 20, 30 and 40 °C min’. Analyzed under isoconversion condition.
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o Slope vs  Intercept vy R? E (kJmol) ye  In(A/min™)
0.20 -18011 397 25.7 0.5 0.9981 332 7 55
0.25 -16233 370 23.1 0.5 0.9979 298 7 49
0.30 -15347 394 21.8 0.5 0.9974 281 7 45
0.35 -14754 414 20.9 0.6 0.9969 270 8 43
0.40 -14346 430 20.3 0.6 0.9964 262 8 42
0.45 -14043 434 19.8 0.6 0.9962 256 8 41
0.50 -13773 449 19.4 0.6 0.9958 251 8 40
0.55 -13557 452 19.1 0.6 0.9956 247 8 39
0.60 -13341 454 18.7 0.6 0.9954 243 8 38
0.65 -13159 455 18.4 0.6 0.9953 240 8 37
0.70 -12940 462 18.1 0.6 0.9949 236 8 37
0.75 -12733 463 17.8 0.6 0.9947 232 8 36
0.80 -12520 467 17.4 0.6 0.9945 228 9 35
0.85 -12276 485 17.0 0.6 0.9938 224 9 34
0.90 -12011 499 16.6 0.6 0.9932 219 9 33
0.95 -11664 525 16.1 0.7 0.9920 212 10 32
Average E (kJ/mol) 252 YE 30 In(A /min?) 40 YinA 6
Table G2  OFW method results for Rubber 11, under N, atmosphere at 20 ml min! and non-isothermal conditions at

heating rates 5, 10, 15, 20, 30 and 40 °C min’. Analyzed under isoconversion condition.
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o Slope vs  Intercept vy R? E (kJmol) ye  In(A/min™)
0.20 -17002.40 430.40 2435 0.59 0.9974 313 8 51
0.25 -15673.07 406.23 22.40 0.55 0.9973 288 7 47
0.30 -14961.29 381.70 2133 051 0.9974 274 7 44
0.35 -14512.96 375.84 20.63  0.50 0.9973 265 7 43
0.40 -14179.35 367.79 20.11  0.49 0.9973 259 7 41
0.45 -13889.70 374.16 19.65 0.50 0.9971 253 7 40
0.50 -13676.70 363.29 19.30 0.48 0.9972 249 7 40
0.55 -13490.30 36254 1899 0.48 0.9971 245 7 39
0.60 -13294.99 35352 18.67 0.46 0.9972 242 6 38
0.65 -13114.46 365.79 1838 0.48 0.9969 239 7 37
0.70 -12943.09 355.31 18.10 0.46 0.9970 236 6 37
0.75 -12759.63 352.38 17.80 0.46 0.9970 232 6 36
0.80 -12579.06 360.82 1751  0.47 0.9967 229 7 35
0.85 -12384.48 356.89 17.19 0.46 0.9967 225 6 35
0.90 -12149.67 358.08 16.82 0.46 0.9965 221 7 34
0.95 -11899.25 358.60 16.41 0.46 0.9964 217 7 33
Average E (kJ/mol) 249 YE 25  In(A /min™) 39 YinA 5
Table G3  OFW method results for Rubber 111, under N2 atmosphere at 20 ml min* and non-isothermal conditions at

heating rates 5, 10, 15, 20, 30 and 40 °C min‘%. Analyzed under isoconversion condition.
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Table G4

o Slope vs  Intercept vy R? E (kJmol) ye  In(A/min™)
0.20 -17252.13 310.26 24.68 0.42 0.9987 318 6 52
0.25 -15722.54 201.70 2245 0.27 0.9993 289 4 47
0.30 -14919.91 170.11 2125 0.23 0.9995 273 3 44
0.35 -14399.09 169.53 20.46 0.23 0.9994 263 3 42
0.40 -14046.10 15847 1991 0.21 0.9995 256 3 41
0.45 -13741.99 161.61 1943 0.21 0.9994 250 3 40
0.50 -13504.48 15857 19.05 0.21 0.9994 246 3 39
0.55 -13302.27 15283 18.72 0.20 0.9995 242 3 38
0.60 -13105.38 15591 18.40 0.20 0.9994 238 3 37
0.65 -12923.65 160.72 18.10 0.21 0.9994 235 3 37
0.70 -12728.92 173.16 17.79  0.23 0.9993 232 3 36
0.75 -12512.25 191.23 1745 0.25 0.9991 228 3 35
0.80 -12267.40 215.75 17.07 0.28 0.9988 223 4 34
0.85 -11996.69 242.08 16.66 0.31 0.9984 218 4 33
0.90 -11666.00 280.49 16.16 0.36 0.9977 212 5 32
0.95 -11262.25 323.08 1554 041 0.9967 205 6 31

Average E (kJ/mol) 246 YE 28  In(A /min™) 39 YinA 6

OFW method results for Rubber IV, under N2 atmosphere at 20 ml min™* and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min‘%. Analyzed under isoconversion condition.
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Table G5

o Slope vs  Intercept i R? E (kJmol) ye In(A/min?)
0.20 -17189.55 38525 2461 0.52 0.9980 317 7 52
0.25 -15654.21 28452 2237 0.38 0.9987 287 5 47
0.30 -14847.76 273.79 21.17 0.37 0.9986 272 5 44
0.35 -14329.45 301.43 20.38 0.40 0.9982 262 5 42
0.40 -13972.77 317.00 19.82 042 0.9979 255 6 41
0.45 -13684.39 328.03 19.37 0.44 0.9977 249 6 40
0.50 -13471.89 340.83 19.02 0.45 0.9974 245 6 39
0.55 -13257.53 348.49 18.67 0.46 0.9972 241 6 38
0.60 -13080.20 356.46 18.38 0.47 0.9970 238 6 37
0.65 -12894.02 37155 18.07 0.49 0.9967 235 7 37
0.70 -12709.21 374.01 17.78 0.49 0.9965 231 7 36
0.75 -12519.78 385.14 17.47  0.50 0.9962 228 7 35
0.80 -12290.11 387.00 17.11  0.50 0.9960 224 7 34
0.85 -12044.18 398.87 16.73 0.51 0.9956 219 7 33
0.90 -11749.48 398.60 16.27 0.51 0.9954 214 7 32
0.95 -11352.85 389.96 15.66 0.50 0.9953 207 7 31

Average E (kJ/mol) 245 Y& 28  In(A /min?) 39 YinA 5

OFW method results for Rubber V, under N2 atmosphere at 20 ml min'* and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min‘%. Analyzed under isoconversion condition.
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Table G6

o Slope vs  Intercept vy R? E (kJmol) ye  In(A/min™)
0.20 -17966.89 430.00 25.62 0.58 0.9977 332 8 54
0.25 -16159.00 462.74 23.01 0.62 0.9967 297 8 48
0.30 -15239.48 496.74 21.65 0.67 0.9958 279 9 45
0.35 -14682.50 489.87 20.81 0.65 0.9956 268 9 43
0.40 -14274.15 501.70 20.18 0.67 0.9951 261 9 42
0.45 -13959.63 503.11 19.69 0.67 0.9948 255 9 40
0.50 -13731.43 496.10 19.32 0.65 0.9948 250 9 40
0.55 -13524.97 489.32 18.99 0.64 0.9948 246 9 39
0.60 -13329.36 489.09 18.67 0.64 0.9946 242 9 38
0.65 -13153.76 489.61 18.38 0.64 0.9945 239 9 37
0.70 -12996.45 493.00 18.12 0.64 0.9943 237 9 37
0.75 -12808.96 498.85 17.82 0.65 0.9940 233 9 36
0.80 -12624.96 50153 1752 0.65 0.9937 230 9 35
0.85 -12418.16 508.35 17.19 0.65 0.9933 226 9 34
0.90 -12178.54 51955 16.81 0.67 0.9928 222 9 34
0.95 -11852.02 535.01 16.30 0.68 0.9919 216 10 32

Average E (kJ/mol) 252 YE 29  In(A /min?) 40 YinA 6

OFW method results for Rubber VI, under N2 atmosphere at 20 ml min™* and non-isothermal conditions at
heating rates 5, 10, 15, 20, 30 and 40 °C min‘%. Analyzed under isoconversion condition.

165


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificagcaoDigital N° 1821742/CA

166

AppendixG13

a) I b)
s4 [ ~o-InA 1
[ -e-E
9T 4 300 }
E =)
Ea E
< ]
£ m
39T 1 250 |
34 |
29 -||||I||||I||||I||||I|||| 200 1 1 I 1 1 1 1 1 1 1 1 1
00 02 04 06 0.8 1.0 25 35 45 55
a In(A /min)

Figure G7 a) Behavior plot of the activation energy and frequency factor at
different conversions. b) variation of the activation energy with
the frequency factor for Rubber I. Obtained with the OFW method
in non-isothermal conditions at heating speeds of 5, 10, 15, 20, 30
and 40 °C min™. Analyzed under isoconversion condition.
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Figure G8 a) Behavior plot of the activation energy and frequency factor at
different conversions. b) variation of the activation energy with
the frequency factor for Rubber Il. Obtained with the OFW
method in non-isothermal conditions at heating speeds of 5, 10,
15, 20, 30 and 40 °C min?. Analyzed under isoconversion
condition.
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Figure G9 a) Behavior plot of the activation energy and frequency factor at

different conversions. b) variation of the activation energy with
the frequency factor for Rubber Ill. Obtained with the OFW
method in non-isothermal conditions at heating speeds of 5, 10,
15, 20, 30 and 40 °C min. Analyzed under isoconversion
condition.
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Figure G10 a) Behavior plot of the activation energy and frequency factor at
different conversions. b) variation of the activation energy with
the frequency factor for Rubber IV. Obtained with the OFW
method in non-isothermal conditions at heating speeds of 5, 10,
15, 20, 30 and 40 °C min™t. Analyzed under isoconversion
condition.
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Figure G11 a) Behavior plot of the activation energy and frequency factor at

different conversions. b) variation of the activation energy with
the frequency factor for Rubber V. Obtained with the OFW
method in non-isothermal conditions at heating speeds of 5, 10,
15, 20, 30 and 40 °C min™t. Analyzed under isoconversion
condition.
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Figure G12 a) Behavior plot of the activation energy and frequency factor at
different conversions. b) variation of the activation energy with
the frequency factor for Rubber VI. Obtained with the OFW
method in non-isothermal conditions at heating speeds of 5, 10,
15, 20, 30 and 40 °C min™t. Analyzed under isoconversion
condition.
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Friedman's method plot for Rubber I, under N, atmosphere at 20 ml min and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C min’. Analyzed under isoconversion condition.
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Friedman's method plot for Rubber I1, under N2 atmosphere at 20 ml min and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C mint. Analyzed under isoconversion condition.
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Friedman's method plot for Rubber 111, under N2 atmosphere at 20 ml min* and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min’. Analyzed under isoconversion condition.
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Figure H4  Friedman's method plot for Rubber VI, under N2 atmosphere at 20 ml min? and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™. Analyzed under isoconversion condition.

175


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificacaoDigital N° 1821742/CA

AppendixH5

4.0
3.0 f
20

10 |

In(@(da/dT))

0.0
-1.0

2.0 F

-3.0
1.20E-03

Figure H5

1.25E-03 1.30E-03 1.35E-03 1.40E-03

1/T (1/K)

Friedman's method plot for Rubber V, under N, atmosphere at 20 ml min! and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C min. Analyzed under isoconversion condition.
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Friedman's method plot for Rubber VI, under N2 atmosphere at 20 ml min* and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min%. Analyzed under isoconversion condition.
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Friedman's method plot for Rubber I, under N2 atmosphere at 20 ml min and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C min. Analyzed under isoconversion condition and
superimposing the behavior at each heating speed.
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Figure H8  Friedman's method plot for Rubber 11, under N2 atmosphere at 20 ml min and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C min. Analyzed under isoconversion condition and
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superimposing the behavior at each heating speed.
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Friedman's method plot for Rubber Ill, under N, atmosphere at 20 ml min® and non-isothermal

conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™. Analyzed under isoconversion condition
and superimposing the behavior at each heating speed.
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Figure H10 Friedman's method plot for Rubber IV, under N2 atmosphere at 20 ml min? and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™*. Analyzed under isoconversion condition
and superimposing the behavior at each heating speed.
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1.25E-03

Friedman's method plot for Rubber V, under N, atmosphere at 20 ml min and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C min. Analyzed under isoconversion condition and
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superimposing the behavior at each heating speed.
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Figure H12 Friedman's method plot for Rubber VI, under N, atmosphere at 20 ml min? and non-isothermal

conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™. Analyzed under isoconversion condition
and superimposing the behavior at each heating speed.
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@ (K/min) 5 10 15 20 30 40
a (da/dT)  (do/dT)  (da/dT) (do/dT) (do/dT) (do/dT) RZ  E(kJmol) ye In(A/minY) vyina

0.20 0.0318 0.0560 0.0750 0.0940  0.1227 0.1482 0.9982 578 12 95 2
0.25 0.0374 0.0693 0.0940 0.1188 0.1626 0.2010 0.9981 547 12 89 2
0.30 0.0429 0.0803 0.1100  0.1422  0.1987 0.2497 0.9979 530 12 86 2
0.35 0.0473 0.0895 0.1240  0.1627  0.2279 0.2930 0.9977 518 12 84 2
0.40 0.0505 0.0972 0.1369 0.1791 0.2541 0.3260 0.9977 511 12 82 2
0.45 0.0539 0.1048 0.1466  0.1931  0.2758 0.3567 0.9974 502 13 81 2
0.50 0.0559 0.1104 0.1537  0.2047  0.2948 0.3801 0.9970 497 14 80 2
0.55 0.0581 0.1136 0.1599  0.2128  0.3070 0.3972 0.9971 490 13 78 2
0.60 0.0596 0.1161 0.1636  0.2174  0.3159 0.4052 0.9969 482 13 77 2
0.65 0.0600 0.1177 0.1655 0.2180 0.3182 0.4075 0.9966 474 14 76 2
0.70 0.0606 0.1182 0.1647 0.2128  0.3169 0.4039 0.9965 465 14 74 2
0.75 0.0574 0.1131 0.1598 0.2070  0.3108 0.3908 0.9962 461 14 73 2
0.80 0.0541 0.1089 0.1518 0.1929  0.2940 0.3695 0.9955 453 15 71 2
0.85 0.0498 0.0976 0.1373  0.1734  0.2646 0.3360 0.9958 444 14 70 2
0.90 0.0411 0.0820 0.1160 0.1434  0.2228 0.2843 0.9953 438 15 68 2
0.95 0.0277 0.0558 0.0802 0.1004  0.1556 0.2012 0.9951 433 15 67 2

Average E (kJ/mol) 489 YE 40 In(A /mint) 78 YinA 8

Table H1  Results of Friedman's method for Rubber I, under N2 atmosphere at 20 ml mint and non-isothermal

conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min"* Analyzed under isoconversion condition.
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@ (K/min) 5 10 15 20 30 40
a (do/dT)  (do/dT)  (do/dT) (da/dT) (do/dT) (do/dT) R E(kJmol) ye In(A/min?)  yia

0.20 0.0310 0.0538 0.0740 0.0921 0.1193 0.1416 0.9975 594 15 97 2
0.25 0.0374 0.0670 0.0936 0.1196 0.1613 0.1951 0.9968 555 16 91 3
0.30 0.0429 0.0778 0.1097 0.1423 0.1987 0.2429 0.9963 536 16 87 3
0.35 0.0468 0.0876 0.1251 0.1638 0.2321 0.2872 0.9957 526 17 85 3
0.40 0.0502 0.0945 0.1371 0.1809 0.2590 0.3219 0.9951 518 18 84 3
0.45 0.0539 0.1021 0.1476  0.1932 0.2823 0.3517 0.9952 509 18 82 3
0.50 0.0563 0.1072 0.1567 0.2050 0.2972 0.3762 0.9948 501 18 81 3
0.55 0.0594 0.1120 0.1621 0.2138 0.3132 0.3933 0.9948 493 18 79 3
0.60 0.0600 0.1132 0.1669 0.2168 0.3188 0.4023 0.9944 486 18 78 3
0.65 0.0601 0.1143 0.1675 0.2200 0.3200 0.4079 0.9944 481 18 77 3
0.70 0.0611 0.1133 0.1654 0.2173 0.3159 0.4024 0.9943 470 18 75 3
0.75 0.0587 0.1099 0.1604 0.2126 0.3078 0.3883 0.9936 463 19 73 3
0.80 0.0549 0.1041 0.1516  0.2013  0.2909 0.3626 0.9928 455 19 72 3
0.85 0.0491 0.0935 0.1370 0.1814 0.2618 0.3248 0.9916 446 20 70 3
0.90 0.0405 0.0779 0.1152 0.1517 0.2182 0.2715 0.9905 438 21 68 3
0.95 0.0283 0.0523 0.0789 0.1056  0.1500 0.1879 0.9890 426 22 66 3

Average E (kJ/mol) 494 YE 44 In(A /mint) 79 YinA 8

Table H2  Results of Friedman's method for Rubber 11, under N, atmosphere at 20 ml min™ and non-isothermal

conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min"* Analyzed under isoconversion condition.
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@ (K/min) 5 10 15 20 30 40
a (do/dT)  (do/dT)  (da/dT) (do/dT) (do/dT) (do/dT) RZ  E(kImol) ye In(A/minY) yia

0.20 0.0314  0.0554 0.0749  0.0958 0.1274 0.1548 0.9966 571 17 94 3
0.25 0.0378  0.0672 0.0958 0.1215 0.1669 0.2094 0.9969 543 15 89 2
0.30 0.0421  0.0769 0.1110 0.1446 0.2034 0.2555 0.9966 532 15 87 3
0.35 0.0467  0.0864 0.1259  0.1638 0.2316 0.2973 0.9969 521 15 85 2
0.40 0.0507  0.0931 0.1378  0.1794  0.2560 0.3311 0.9970 513 14 83 2
0.45 0.0538  0.0993 0.1467  0.1935 0.2751 0.3600 0.9967 505 14 82 2
0.50 0.0561  0.1045 0.1545  0.2037 0.2895 0.3816 0.9969 499 14 80 2
0.55 0.0577  0.1074 0.1604 0.2121 0.3017 0.3988 0.9967 494 14 79 2
0.60 0.0597  0.1097 0.1631  0.2178 0.3100 0.4108 0.9967 487 14 78 2
0.65 0.0601  0.1094 0.1652  0.2191 0.3121 0.4150 0.9964 481 14 77 2
0.70 0.0603  0.1079 0.1635 0.2172  0.3098 0.4096 0.9963 473 14 75 2
0.75 0.0577  0.1043 0.1589  0.2105 0.3007 0.3969 0.9961 468 15 74 2
0.80 0.0549  0.0990 0.1502  0.1982 0.2857 0.3759 0.9960 461 15 73 2
0.85 0.0502  0.0890 0.1361  0.1788 0.2596 0.3411 0.9958 453 15 71 2
0.90 0.0423  0.0738 0.1156  0.1491 0.2202 0.2853 0.9953 445 15 69 2
0.95 0.0282  0.0508 0.0811  0.1038 0.1547 0.1974 0.9947 440 16 68 2

Average E (kJ/mol) 493 Vi 36 In(A /mint) 79 YinA 7

Table H3  Results of Friedman's method for Rubber I11, under N2 atmosphere at 20 ml min'* and non-isothermal

conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™ Analyzed under isoconversion condition.
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@ (K/min) 5 10 15 20 30 40
a (do/dT)  (do/dT)  (da/dT) (do/dT) (do/dT) (do/dT) RZ  E(kdmol) ye In(A/mint) yia

0.20 0.03 0.05 0.07 0.09 0.12 0.15 0.9993 568 7 93 1
0.25 0.04 0.07 0.09 0.11 0.15 0.20 0.9995 541 6 88 1
0.30 0.04 0.08 0.11 0.14 0.19 0.24 0.9995 526 6 86 1
0.35 0.04 0.08 0.12 0.16 0.22 0.29 0.9995 516 6 84 1
0.40 0.05 0.09 0.13 0.17 0.24 0.32 0.9996 505 5 82 1
0.45 0.05 0.10 0.14 0.18 0.26 0.35 0.9996 500 5 81 1
0.50 0.05 0.10 0.15 0.19 0.28 0.38 0.9996 495 5 80 1
0.55 0.06 0.11 0.16 0.20 0.28 0.39 0.9996 487 5 78 1
0.60 0.06 0.11 0.16 0.20 0.29 0.40 0.9996 479 5 77 1
0.65 0.06 0.11 0.16 0.20 0.29 0.41 0.9993 473 6 75 1
0.70 0.06 0.11 0.16 0.20 0.29 0.40 0.9992 467 6 74 1
0.75 0.05 0.10 0.15 0.19 0.28 0.39 0.9988 459 8 73 1
0.80 0.05 0.10 0.14 0.17 0.26 0.36 0.9985 447 9 70 1
0.85 0.04 0.09 0.12 0.15 0.23 0.32 0.9979 438 10 69 2
0.90 0.04 0.07 0.10 0.12 0.18 0.25 0.9968 426 12 66 2
0.95 0.02 0.04 0.06 0.08 0.12 0.15 0.9951 412 14 63 2

Average E (kJ/mol) 484 YE 41 In(A /mint) 77 YinA 8

Table H4  Results of Friedman's method for Rubber 1V, under N, atmosphere at 20 ml min?® and non-isothermal

conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™ Analyzed under isoconversion condition.
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@ (K/min) 5 10 15 20 30 40
a (do/dT)  (do/dT)  (do/dT) (do/dT) (do/dT) (do/dT) R? E (kJmol) ye In(A/min?)  yina

0.20 0.03 0.05 0.07 0.09 0.12 0.14 0.9985 568 11 93 2
0.25 0.04 0.06 0.09 0.11 0.16 0.19 0.9977 538 13 88 2
0.30 0.04 0.07 0.11 0.13 0.19 0.24 0.9977 521 13 85 2
0.35 0.04 0.08 0.12 0.15 0.22 0.28 0.9973 512 13 83 2
0.40 0.05 0.09 0.13 0.16 0.25 0.31 0.9968 505 14 82 2
0.45 0.05 0.10 0.14 0.17 0.27 0.34 0.9965 497 15 80 2
0.50 0.05 0.10 0.15 0.18 0.28 0.36 0.9962 494 15 79 2
0.55 0.05 0.10 0.15 0.19 0.29 0.37 0.9960 485 15 78 2
0.60 0.06 0.11 0.15 0.19 0.30 0.38 0.9956 478 16 76 2
0.65 0.06 0.11 0.15 0.19 0.30 0.39 0.9950 472 17 75 3
0.70 0.06 0.11 0.15 0.19 0.29 0.38 0.9952 464 16 74 3
0.75 0.05 0.10 0.15 0.18 0.28 0.36 0.9944 456 17 72 3
0.80 0.05 0.10 0.13 0.17 0.26 0.34 0.9942 445 17 70 3
0.85 0.05 0.09 0.12 0.15 0.23 0.29 0.9933 434 18 68 3
0.90 0.04 0.07 0.10 0.12 0.19 0.23 0.9933 420 17 65 3
0.95 0.02 0.04 0.06 0.08 0.11 0.15 0.9948 409 15 63 2

Average E (kJ/mol) 481 YE 42 In(A /mint) 77 YinA 8

Table H5 Results of Friedman's method for Rubber V, under N2 atmosphere at 20 ml min* and non-isothermal

conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™ Analyzed under isoconversion condition.
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@ (K/min) 5 10 15 20 30 40
a (do/dT)  (do/dT)  (da/dT) (do/dT) (do/dT) (do/dT) R? E (kJmol) ve In(A/mint)  yina

0.20 0.03 0.06 0.07 0.09 0.12 0.14 0.9958 585 19 96 3
0.25 0.04 0.07 0.09 0.12 0.16 0.19 0.9949 549 20 89 3
0.30 0.04 0.08 0.11 0.14 0.20 0.24 0.9941 535 21 87 3
0.35 0.05 0.09 0.12 0.16 0.23 0.29 0.9940 524 20 85 3
0.40 0.05 0.10 0.14 0.18 0.26 0.32 0.9940 513 20 83 3
0.45 0.05 0.10 0.15 0.19 0.28 0.35 0.9940 505 20 81 3
0.50 0.06 0.11 0.16 0.20 0.29 0.38 0.9941 500 19 80 3
0.55 0.06 0.11 0.16 0.21 0.31 0.40 0.9946 494 18 79 3
0.60 0.06 0.11 0.17 0.22 0.32 0.41 0.9941 489 19 78 3
0.65 0.06 0.11 0.17 0.21 0.33 0.42 0.9933 485 20 77 3
0.70 0.06 0.11 0.16 0.21 0.32 0.41 0.9931 479 20 76 3
0.75 0.06 0.11 0.16 0.21 0.31 0.40 0.9926 473 20 75 3
0.80 0.05 0.11 0.15 0.19 0.29 0.37 0.9920 465 21 73 3
0.85 0.05 0.09 0.13 0.17 0.27 0.34 0.9920 456 21 71 3
0.90 0.04 0.08 0.11 0.14 0.22 0.28 0.9900 448 23 70 3
0.95 0.03 0.05 0.08 0.10 0.15 0.19 0.9897 434 22 67 3

Average E (kJ/mol) 496 Vi 38 In(A /min™t) 79 YinA 7

Table H6  Results of Friedman's method for Rubber VI, under N, atmosphere at 20 ml min® and non-isothermal

conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™ Analyzed under isoconversion condition.
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Figure H13 a) Behavior plot of the activation energy and frequency factor at

different conversions. b) variation plot of the activation energy
with the frequency factor for Rubber 1. Obtained with Friedman's
method in non-isothermal conditions at heating rates 5, 10, 15, 20,
30 and 40 °C min. Analyzed under isoconversion condition.
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Figure H14 a) Behavior plot of the activation energy and frequency factor at

different conversions. b) variation plot of the activation energy
with the frequency factor for Rubber I1. Obtained with Friedman's
method in non-isothermal conditions at heating rates 5, 10, 15, 20,
30 and 40 °C min. Analyzed under isoconversion condition.
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Figure H15 a) Behavior plot of the activation energy and frequency factor at

different conversions. b) variation plot of the activation energy
with the frequency factor for Rubber Ill. Obtained with
Friedman's method in non-isothermal conditions at heating rates
5, 10, 15, 20, 30 and 40 °C min. Analyzed under isoconversion
condition.
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Figure H16 a) Behavior plot of the activation energy and frequency factor at

different conversions. b) variation plot of the activation energy
with the frequency factor for Rubber IV. Obtained with
Friedman's method in non-isothermal conditions at heating rates
5, 10, 15, 20, 30 and 40 °C min. Analyzed under isoconversion
condition.
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Figure H17 a) Behavior plot of the activation energy and frequency factor at
different conversions. b) variation plot of the activation energy
with the frequency factor for Rubber V. Obtained with Friedman's
method in non-isothermal conditions at heating rates 5, 10, 15, 20,
30 and 40 °C min. Analyzed under isoconversion condition.
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Figure H18 a) Behavior plot of the activation energy and frequency factor at

different conversions. b) variation plot of the activation energy
with the frequency factor for Rubber VI. Obtained with
Friedman's method in non-isothermal conditions at heating rates
5, 10, 15, 20, 30 and 40 °C min™. Analyzed under isoconversion
condition.
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420 |
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Figure 11 CKA method plot for calculating the reaction order of Rubber I, under N, atmosphere at 20 ml min! and
non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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Figure 12

CKA method plot for calculating the reaction order of Rubber 11, under N2 atmosphere at 20 ml min™
and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

197


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificacaoDigital N° 1821742/CA

Appendix |13

41.0

In((@do/dT)/exp(-E/RT))

2.6 2.2 -1.8 -1.4 -1.0 -0.6 -0.2
In(1-a)

@=5°C/min ® @=10 °C/min P=15 °C/min ©=20 °C/min 9=30 °C/min @=40 °C/min — Linear

Figure 13

CKA method plot for calculating the reaction order of Rubber 11, under N2 atmosphere at 20 ml min™
and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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Figure 14

CKA method plot for calculating the reaction order of Rubber 1V, under N2 atmosphere at 20 ml min™
and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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Figure 15 CKA method plot for calculating the reaction order of Rubber V, under N2 atmosphere at 20 ml min™
and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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Figure 16 CKA method plot for calculating the reaction order of Rubber VI, under N2 atmosphere at 20 ml min™
and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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@ (K/min) n Yn In(A /min) YInA R?
5 0.8251 0.0002 39.9350 0.0003 0.9997
10 0.8303 0.0003 40.7301 0.0003 0.9998
15 0.8301 0.0004 39.1810 0.0005 0.9996
20 0.9468 0.0005 41.7139 0.0006 0.9997
30 0.8832 0.0005 40.3928 0.0007 0.9997
40 0.9107 0.0010 39.5320 0.0013 0.9991

Average n 0.87 Vi 0.05

In(A /min™) 40.2 YinA 0.8

Table 11 Results of CKA method, for calculation of the reaction order of
Rubber I, under N2 atmosphere at 20 ml min™ and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

Appendix 18
@ (K/min) n Yn In(A /min™) YInA R?
5 0.8377 0.0002 41.6066 0.0003 0.9997
10 0.8661 0.0003 41.1533 0.0003 0.9998
15 0.8644 0.0004 41.0593 0.0005 0.9997
20 0.8820 0.0005 41.5298 0.0006 0.9996
30 0.9500 0.0007 42.7427 0.0009 0.9995
40 0.9762 0.0007 41.2942 0.0009 0.9996
Average 7l 0.90 Ya 0.05
In(A /minY) 416 YinA 0.6

Table 12 Results of CKA method, for calculation of the reaction order of
Rubber 11, under N2 atmosphere at 20 ml min'* and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™*
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Appendix 19
@ (K/min) n Yn IN(A/min)  yina R?
5 0.7996 0.0003 39.7135 0.0004 0.9996
10 0.8608 0.0003 38.7046 0.0004 0.9998
15 0.8414 0.0005 39.3295 0.0006 0.9996
20 0.8903 0.0004 40.8054 0.0006 0.9997
30 0.8679 0.0008 38.9721 0.0010 0.9992
40 0.9247 0.0007 40.6767 0.0009 0.9996
Average i 0.86 Ya 0.04
In(A /minY)  39.7 YinA 0.8

Table 13 Results of CKA method, for calculation of the reaction order of
Rubber 111, under N, atmosphere at 20 ml min! and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

Appendix 110
@ (K/min) n Yn IN(A/minY)  yina R?
5 0.9691 0.0004 43.0668 0.0006 0.9992
10 0.9710 0.0003 42.5129 0.0004 0.9998
15 1.0462 0.0004 45.2355 0.0006 0.9997
20 1.1177 0.0003 43.9142 0.0004 0.9999
30 1.0611 0.0005 42.2165 0.0006 0.9998
40 1.1604 0.0004 45.3650 0.0006 0.9999
Average n 1.05 Ya 0.07
In(A /min™) 43.7 YinA 1.2

Table 14  Results of CKA method, for calculation of the reaction order of
Rubber IV, under N2 atmosphere at 20 ml min* and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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@ (K/min) n ¥n IN(A/min?)  yima R?
5 0.9244 0.0005 41.9200 0.0007 0.9988
10 0.9317 0.0003 40.7737 0.0004 0.9997
15 1.0194 0.0004 42.1370 0.0005 0.9998
20 1.0179 0.0004 39.7492 0.0005 0.9998
30 1.0965 0.0004 44,6495 0.0005 0.9999
40 1.1274 0.0002 43.6012 0.0003 1.0000
Average i 1.02 Ya 0.08
In(A /min’t) 42.1 YinA 1.6

Table 15  Results of CKA method, for calculation of the reaction order of
Rubber V, under N2 atmosphere at 20 ml min'* and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

Appendix 112
@ (K/min) n Yn IN(A/min?)  ypa R?
5 0.8467 0.0003 40.0923 0.0004 0.9996
10 0.8482 0.0002 40.7168 0.0003 0.9999
15 0.8830 0.0003 40.7168 0.0004 0.9998
20 0.9412 0.0005 41.8047 0.0006 0.9997
30 0.9184 0.0005 41.8028 0.0006 0.9998
40 0.9809 0.0005 42.3793 0.0006 0.9998
Average 7 0.90 Ya 0.05
In(A /min™?) 41.3 YinA 0.8

Table 16  Results of CKA method, for calculation of the reaction order of
Rubber V1, under N2 atmosphere at 20 ml min! and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixJl
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Figure J1 CKA plot method for calculation of activation energy of the thermodegradation reaction of Rubber I,
under N2 atmosphere at 20 ml min'* and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and
40 °C min™.
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Figure J2 CKA plot method for calculation of activation energy of thermodegradation reaction of Rubber |1, under

N atmosphere at 20 ml min and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C
mint
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Figure J3  CKA plot method for calculation of activation energy of thermodegradation reaction of Rubber I11, under

N atmosphere at 20 ml min and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C
min’?,
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Figure J4  CKA plot method for calculation of activation energy of thermodegradation reaction of Rubber 1V, under

N atmosphere at 20 ml min and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C
min’?,
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Figure J5  CKA plot method for calculation of activation energy of thermodegradation reaction of Rubber V, under

N atmosphere at 20 ml min and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and 40 °C
min’?,

209


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-Rio- CertificacaoDigital N° 1821742/CA

AppendixJ6

5.5

4.5

35

25

1.5

0.5

In(@(da/dT)/( 1-0)")

1
<
(W]

1
—
(V)]

-2.5

1.20E-03 1.25E-03 1.30E-03 1.35E-03 1.40E-03

/T (1/K)

@=5 °C/min ===@=10 °C/min 0=15 °C/min P=20 °C/min ?=30 °C/min 0=40 °C/min — Linear

Figure J6  CKA plot method for calculation of activation energy of thermo-degradation reaction of Rubber VI,

under N2 atmosphere at 20 ml min'* and non-isothermal conditions at heating rates 5, 10, 15, 20, 30 and
40 °C min™.
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@ (K/min) E (kJ/mol) YE In(A /min™) YInA R?
5 249.2 0.1 39.94 0.01 0.9997
10 249.3 0.1 40.73 0.01 0.9998
15 237.9 0.1 39.18 0.02 0.9997
20 251.1 0.1 41.71 0.02 0.9997
30 240.7 0.1 40.39 0.02 0.9998
40 233.4 0.2 39.53 0.03 0.9994

Average E(k/imol) 244 YE 7

In(A /minY)  40.2 YinA 0.8

Table J1  Results of the CKA method for calculation of activation energy of
Rubber I, under N2 atmosphere at 20 ml min™ and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

AppendixJ8

@ (K/min) E (kJ/mol) Ve In(A /min™) YinA R?
5 258.8 0.1 41.61 0.01 0.9997
10 252.0 0.1 41.15 0.01 0.9998
15 248.3 0.1 41.06 0.02 0.9998
20 249.5 0.1 41.53 0.02 0.9997
30 254.5 0.2 42.74 0.03 0.9996
40 244.1 0.2 41.29 0.02 0.9997

Average E(kJ/mol) 251 Ve 5

In(A /min™) 41.6 YinA 0.6

Table J2  Results of the CKA method for calculation of activation energy of
Rubber I1, under N2 atmosphere at 20 ml min'* and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixJ9

@ (K/min) E (kJ/mol) YE In(A /min™) YInA R?
5 247.2 0.1 39.71 0.01 0.9996
10 236.7 0.1 38.70 0.01 0.9998
15 238.0 0.1 39.33 0.02 0.9996
20 244.7 0.1 40.81 0.02 0.9998
30 230.9 0.2 38.97 0.03 0.9994
40 240.1 0.2 40.68 0.03 0.9997

Average E (_kJ/mol) 240 YE 5
In(A /min™?) 39.7 YinA 0.8
Table J3  Results of the CKA method for calculation of activation energy of

Rubber 111, under N, atmosphere at 20 ml min! and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

AppendixJ10

@ (K/min) E (kJ/mol) YE In(A /min™) YinA R?
5 267.5 0.1 43.07 0.02 0.9991
10 260.0 0.1 42.51 0.01 0.9997
15 274.4 0.1 45.24 0.02 0.9997
20 264.4 0.1 43.91 0.01 0.9999
30 251.4 0.1 42.22 0.02 0.9998
40 269.5 0.1 45.37 0.02 0.9999

Average E (kJ/mol) 265 YE 7

In(A /min™?) 43.7 YinA 1.2
Table J4  Results of the CKA method for calculation of activation energy of

Rubber IV, under N2 atmosphere at 20 ml min! and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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@ (K/min)  E (kJ/mol) e In(A /min) YinA R?
5 260.4 0.1 41.92 0.02 0.9987
10 249.6 0.1 40.77 0.01 0.9997
15 254.9 0.1 42.14 0.02 0.9997
20 238.9 0.1 39.75 0.01 0.9998
30 266.2 0.1 44.65 0.02 0.9999
40 258.5 0.1 43.60 0.01 1.0000
Average | F(K/mob 255 Ve 9
In(A /minY)  42.1 Vind 1.6

Table J5  Results of the CKA method for calculation of activation energy of
Rubber V, under N2 atmosphere at 20 ml min'* and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.

AppendixJ12

@ (K/min) E (kJ/mol) YE In(A /min?) YinA R?
5 250.3 0.1 40.09 0.01 0.9996
10 249.4 0.1 40.72 0.01 0.9999
15 246.8 0.1 40.72 0.01 0.9998
20 251.9 0.1 41.80 0.02 0.9997
30 249.0 0.1 41.80 0.02 0.9998
40 251.7 0.1 42.38 0.02 0.9999
Average E(kJ/mol) 250 Ve 2
In(A /min) 413 YinA 0.8

Table J6  Results of the CKA method for calculation of activation energy of
Rubber V1, under N2 atmosphere at 20 ml min! and non-isothermal
conditions at heating rates 5, 10, 15, 20, 30 and 40 °C min™.
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Appendix K Supplementary material to support Chapter 5.3.4.3
AppendixK1

3.5

15

05

In(@(do/dT)/(1-c)")
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Figure K1  CKA-i method plot for Rubber I in an atmosphere of N, at 20 ml min™ and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C min. Analyzed under the isoconversion condition
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Figure K2  CKA-i method plot for Rubber Il in an atmosphere of N2 at 20 ml min'* and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C min. Analyzed under the isoconversion condition.
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05 |

In(@(do/dT)/(1-ct)")

Figure K3

1.25E-03 1.30E-03 1.35E-03 1.40E-03

1T, (/K)

CKA-i method plot for Rubber 111 in an atmosphere of N2 at 20 ml min™ and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C mint. Analyzed under the isoconversion condition.
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5.5
45 |

35 F

15 f

05

In(@(do/dT)/(1-ct)")

DY) S
1.20E-03 1.25E-03 1.30E-03 1.35E-03 1.40E-03

/T, (1/K)

Figure K4  CKA-i method plot for Rubber IV in an atmosphere of N2 at 20 ml min and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C min. Analyzed under the isoconversion condition.
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Appendix K5
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Figure K5  CKA-i method plot for Rubber V in an atmosphere of N2 at 20 ml min* and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C mint. Analyzed under the isoconversion condition.
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VI
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Figure K6 CKA-i method plot for Rubber VI in an atmosphere of N2 at 20 ml min* and non-isothermal conditions
at heating rates 5, 10, 15, 20, 30 and 40 °C mint. Analyzed under the isoconversion condition.
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AppendixK7
a R? E. (kJ/mol) YEa In(A /min™) YinA
0.20 0.9979 581 13 95 2
0.25 0.9978 551 13 90 2
0.30 0.9975 534 13 87 2
0.35 0.9973 524 14 85 2
0.40 0.9971 517 14 84 2
0.45 0.9967 510 15 83 2
0.50 0.9962 505 16 82 2
0.55 0.9961 499 16 81 2
0.60 0.9958 492 16 79 3
0.65 0.9954 486 16 78 3
0.70 0.9953 478 16 77 3
0.75 0.9949 476 17 77 3
0.80 0.9944 471 18 76 3
0.85 0.9945 465 17 74 3
0.90 0.9943 462 17 74 3
0.95 0.9938 464 18 74 3
Average  F (6I/moD 501 Ve 33
In(A /min™?) 81 YinA 6

Table K1 Results of the CKA-i method considering the isoconversion principle for the thermo-degradation reaction of Rubber | in
an atmosphere of N2 at 20 ml min! and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixK8
a R? E. (kJ/mol) YEa In(A /min™) YinA
0.20 0.9977 598 14 98 2
0.25 0.9972 560 15 92 2
0.30 0.9968 543 15 89 2
0.35 0.9964 534 16 87 3
0.40 0.9958 527 17 86 3
0.45 0.9961 519 16 84 3
0.50 0.9958 513 17 83 3
0.55 0.9959 506 16 82 3
0.60 0.9957 502 16 81 3
0.65 0.9959 498 16 80 3
0.70 0.9961 489 15 79 2
0.75 0.9957 485 16 78 2
0.80 0.9953 480 16 77 3
0.85 0.9949 476 17 76 3
0.90 0.9946 472 17 76 3
0.95 0.9944 470 18 75 3
Average F (<V/mob 511 Ve 34
In(A /min™?) 83 YinA 6

Table K2 Results of the CKA-i method considering the isoconversion principle for the thermo-degradation reaction of Rubber Il in
an atmosphere of N2 at 20 ml min! and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixK9
a R? E. (kJ/mol) YEa In(A /min™) YinA
0.20 0.9967 574 17 94 3
0.25 0.9970 547 15 90 2
0.30 0.9967 536 15 88 2
0.35 0.9970 527 15 86 2
0.40 0.9971 519 14 85 2
0.45 0.9968 513 14 83 2
0.50 0.9970 508 14 82 2
0.55 0.9968 504 14 82 2
0.60 0.9967 498 14 81 2
0.65 0.9965 493 15 80 2
0.70 0.9963 487 15 79 2
0.75 0.9962 484 15 78 2
0.80 0.9961 479 15 77 2
0.85 0.9960 475 15 76 2
0.90 0.9959 471 15 75 2
0.95 0.9962 471 15 75 2
Average F (<V/mob 505 Ve 29
In(A /min™?) 82 YinA S

Table K3 Results of the CKA-i method considering the isoconversion principle for the thermo-degradation reaction of Rubber 111 in
an atmosphere of N2 at 20 ml min! and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixK10

a R? E. (kJ/mol) YEa In(A /min™) YinA
0.20 0.9994 574 7 9 1
0.25 0.9997 549 5 90 1
0.30 0.9997 535 5 87 1
0.35 0.9997 526 4 86 1
0.40 0.9997 517 4 84 1
0.45 0.9997 514 4 83 1
0.50 0.9998 511 4 83 1
0.55 0.9995 505 5 82 1
0.60 0.9995 499 5 81 1
0.65 0.9993 495 6 80 1
0.70 0.9993 492 7 79 1
0.75 0.9990 488 8 79 1
0.80 0.9990 481 8 77 1
0.85 0.9986 476 9 77 1
0.90 0.9984 471 9 76 1
0.95 0.9980 470 10 75 2

Average E (V/moD 506 Ve 28
In(A /min™?) 82 YnA 5

Table K4 Results of the CKA-i method considering the isoconversion principle for the thermo-degradation reaction of Rubber IV
in an atmosphere of N2 at 20 ml min and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixK11

a R? E. (kJ/mol) YEa In(A /min™) YinA
0.20 0.9982 575 12 95 2
0.25 0.9974 547 14 90 2
0.30 0.9974 532 14 87 2
0.35 0.9969 524 15 86 2
0.40 0.9964 519 16 84 3
0.45 0.9960 513 16 83 3
0.50 0.9955 512 17 83 3
0.55 0.9951 506 18 82 3
0.60 0.9944 501 19 81 3
0.65 0.9937 498 20 80 3
0.70 0.9936 493 20 80 3
0.75 0.9924 489 21 79 3
0.80 0.9917 483 22 78 3
0.85 0.9905 478 23 77 4
0.90 0.9900 472 24 76 4
0.95 0.9913 475 22 76 3

Average E (V/moD 507 Ve 27
In(A /min™?) 82 YinA S

Table K5 Results of the CKA-i method considering the isoconversion principle for the thermo-degradation reaction of Rubber V in
an atmosphere of N2 at 20 ml min! and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixK12

a R? E. (kJ/mol) YEa In(A /min™) YinA
0.20 0.9963 590 18 97 3
0.25 0.9955 554 19 91 3
0.30 0.9948 541 20 88 3
0.35 0.9948 532 19 87 3
0.40 0.9950 522 19 85 3
0.45 0.9952 515 18 84 3
0.50 0.9953 512 17 83 3
0.55 0.9958 507 16 82 3
0.60 0.9958 504 16 81 3
0.65 0.9954 502 17 81 3
0.70 0.9955 498 17 80 3
0.75 0.9954 494 17 79 3
0.80 0.9954 489 17 78 3
0.85 0.9958 485 16 78 2
0.90 0.9951 482 17 77 3
0.95 0.9960 477 15 76 2

Average  E (kI/moD) 513 Ve 29
In(A /min™?) 83 YinA S

Table K6 Results of the CKA-i method considering the isoconversion principle for the thermo-degradation reaction of Rubber VI
in an atmosphere of N2 at 20 ml min and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min"
1
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AppendixL1
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Figure L1
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1T, (1/K)

CKA method plot for Rubber 1 in an atmosphere of N2 at 20 ml min, under non-isothermal conditions at heating rates of
5, 10, 15, 20, 30 and 40 °C min. Analyzed under the isoconversion condition. Corresponding to the overlap of that of

CKA and CKA-i.
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AppendixL2
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Figure L2  CKA method plot for Rubber Il in an atmosphere of N2 at 20 ml min%, under non-isothermal conditions
at heating rates of 5, 10, 15, 20, 30 and 40 °C min™. Analyzed under the isoconversion condition.
Corresponding to the overlap of that of CKA and CKA-i.
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Figure L3

/T, (1/K)

Corresponding to the overlap of that of CKA and CKA-i.

CKA method plot for Rubber 111 in an atmosphere of N2 at 20 ml min, under non-isothermal conditions
at heating rates of 5, 10, 15, 20, 30 and 40 °C min. Analyzed under the isoconversion condition.
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Figure L4  CKA method plot for Rubber IV in an atmosphere of N2 at 20 ml min‘t, under non-isothermal conditions
at heating rates of 5, 10, 15, 20, 30 and 40 °C min. Analyzed under the isoconversion condition.
Corresponding to the overlap of that of CKA and CKA-i.
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AppendixL5
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Figure L5  CKA method plot for Rubber V in an atmosphere of N2 at 20 ml min%, under non-isothermal conditions
at heating rates of 5, 10, 15, 20, 30 and 40 °C min. Analyzed under the isoconversion condition.
Corresponding to the overlap of that of CKA and CKA-i.
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Figure L6
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and CKA-i.

CKA method plot for Rubber VI in an atmosphere of N at 20 ml min, under non-isothermal conditions at heating rates of
5, 10, 15, 20, 30 and 40 °C min. Analyzed under the isoconversion condition. Corresponding to the overlap of that of CKA
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AppendixL7
o R? E(kJmol) ye In(A/min?) YInA
0.20 0.9979 337 20 55 3
0.25 0.9978 307 20 50 3
0.30 0.9975 290 20 47 3
0.35 0.9973 280 21 45 3
0.40 0.9971 273 21 44 3
0.45 0.9967 266 22 42 3
0.50 0.9962 261 23 41 3
0.55 0.9961 255 23 40 3
0.60 0.9958 248 23 39 3
0.65 0.9954 242 23 38 3
0.70 0.9953 234 23 37 3
0.75 0.9949 232 24 36 3
0.80 0.9944 227 25 35 4
0.85 0.9945 221 24 34 3
0.90 0.9943 218 24 34 3
0.95 0.9938 220 25 34 4
Average  E (kl/mob) 257 Ve 33
In(A /min™) 41 YinA 6

Table L1 CKA-ic results for Rubber | considering the isoconversion principle for the thermo-degradation reaction in an
atmosphere of N2 at 20 ml min and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixL8
o R? E(kdmol) ve In(A/min?) YinA
0.20 0.9977 347 19 57 3
0.25 0.9972 309 20 50 3
0.30 0.9968 292 5 47 3
0.35 0.9964 283 5 45 3
0.40 0.9958 276 5 44 3
0.45 0.9961 268 5 43 3
0.50 0.9958 262 5 42 3
0.55 0.9959 255 5 40 3
0.60 0.9957 251 5 40 3
0.65 0.9959 247 5 39 3
0.70 0.9961 238 5 37 3
0.75 0.9957 234 5 37 3
0.80 0.9953 229 5 36 3
0.85 0.9949 225 5 35 3
0.90 0.9946 221 5 34 3
0.95 0.9944 219 5 34 3
Average E (kJ/mol) 260 Vi 34
In(A /min™) 41 YinA 6

Table L2 CKA-ic results for Rubber Il considering the isoconversion principle for the thermo-degradation reaction in an
atmosphere of N at 20 ml min and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min
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AppendixL9
o R? E(kdmol) ve In(A/min?) YinA
0.20 0.9967 334 22 55 4
0.25 0.9970 307 20 50 3
0.30 0.9967 296 20 48 3
0.35 0.9970 287 20 46 3
0.40 0.9971 279 19 45 3
0.45 0.9968 273 19 44 3
0.50 0.9970 268 19 43 3
0.55 0.9968 264 19 42 3
0.60 0.9967 258 19 41 3
0.65 0.9965 253 20 40 3
0.70 0.9963 247 20 39 3
0.75 0.9962 244 20 38 3
0.80 0.9961 239 20 37 3
0.85 0.9960 235 20 36 3
0.90 0.9959 231 20 36 3
0.95 0.9962 231 20 36 3
Average E (kJ/mol) 265 YE 29
In(A /min'h) 42 YinA 5

Table L3 CKA-ic results for Rubber Il considering the isoconversion principle for the thermo-degradation reaction in an
atmosphere of N at 20 ml min™ and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min
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AppendixL10

o R? E(kdmol) ye In(A/min?) v
0.20 0.9994 309 14 50 2
0.25 0.9997 284 12 46 2
0.30 0.9997 270 12 43 2
0.35 0.9997 261 11 42 2
0.40 0.9997 252 11 40 2
0.45 0.9997 249 11 39 2
0.50 0.9998 246 11 39 2
0.55 0.9995 240 12 38 2
0.60 0.9995 234 12 37 2
0.65 0.9993 230 13 36 2
0.70 0.9993 227 14 35 2
0.75 0.9990 223 15 35 2
0.80 0.9990 216 15 33 2
0.85 0.9986 211 16 33 2
0.90 0.9984 206 16 32 2
0.95 0.9980 205 17 31 3

average  E (limo) 241 Ve 28
In(A /min™?) 38 YinA S

Table L4 CKA-ic results for Rubber IV considering the isoconversion principle for the thermo-degradation reaction in an
atmosphere of N at 20 ml min™ and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixL11

o R? E(kdmol) ve In(A/min?) YinA
0.20 0.9982 320 21 53 4
0.25 0.9974 292 23 48 4
0.30 0.9974 277 23 45 4
0.35 0.9969 269 24 44 4
0.40 0.9964 264 25 42 5
0.45 0.9960 258 25 41 5
0.50 0.9955 257 26 41 5
0.55 0.9951 251 27 40 5
0.60 0.9944 246 28 39 5
0.65 0.9937 243 29 38 5
0.70 0.9936 238 29 38 5
0.75 0.9924 234 30 37 5
0.80 0.9917 228 31 36 5
0.85 0.9905 223 32 35 6
0.90 0.9900 217 33 34 6
0.95 0.9913 220 31 34 5

average  E (kI/moD) 252 Ve 27
In(A /min™?) 40 YinA S

Table L5 CKA-ic results for Rubber V considering the isoconversion principle for the thermo-degradation reaction in an
atmosphere of N at 20 ml min™ and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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AppendixL12

o R? E(kdmol) ve In(A/min?) YinA
0.20 0.9963 340 20 55 4
0.25 0.9955 304 21 49 4
0.30 0.9948 291 22 47 4
0.35 0.9948 282 21 45 4
0.40 0.9950 272 21 43 4
0.45 0.9952 265 20 42 4
0.50 0.9953 262 19 41 4
0.55 0.9958 257 18 41 3
0.60 0.9958 254 18 40 3
0.65 0.9954 252 19 40 3
0.70 0.9955 248 19 39 3
0.75 0.9954 244 19 38 3
0.80 0.9954 239 19 37 3
0.85 0.9958 235 18 36 3
0.90 0.9951 232 19 36 3
0.95 0.9960 227 17 35 3

pverage E (kI/mo) 263 Ve 29
In(A /min™?) 42 YnA 5

Table L6 CKA-ic results for Rubber VI considering the isoconversion principle for the thermo-degradation reaction in an
atmosphere of N at 20 ml min™ and non-isothermal conditions at heating rates of 5, 10, 15, 20, 30 and 40 °C min™.
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Figure L7 a) Behavior of the activation energy and frequency factor at

different conversions. b) variation of the activation energy with the
frequency factor. For Rubber I. Obtained with the CKA-ic method
under non-isothermal conditions at heating rates of 5, 10, 15, 20,
30 and 40 °C min. for the thermo-degradation reaction in an
atmosphere of N2 at 20 ml min™.,
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Figure L8 a) Behavior of the activation energy and frequency factor at

different conversions. b) variation of the activation energy with the
frequency factor. For Rubber I1. Obtained with the CKA-ic method
under non-isothermal conditions at heating rates of 5, 10, 15, 20,
30 and 40 °C min. for the thermo-degradation reaction in an
atmosphere of N2 at 20 ml min™.,
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Figure L9 a) Behavior of the activation energy and frequency factor at

different conversions. b) variation of the activation energy with the
frequency factor. For Rubber Ill. Obtained with the CKA-ic
method under non-isothermal conditions at heating rates of 5, 10,
15, 20, 30 and 40 °C min™. for the thermo-degradation reaction in
an atmosphere of N2 at 20 ml min.
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Figure L10 a) Behavior of the activation energy and frequency factor at
different conversions. b) variation of the activation energy with
the frequency factor. For Rubber 1. Obtained with the CKA-ic
method under non-isothermal conditions at heating rates of 5, 10,
15, 20, 30 and 40 °C min™*., for the thermo-degradation reaction in
an atmosphere of N2 at 20 ml min.
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Figure L11 a) Behavior of the activation energy and frequency factor at

different conversions. b) variation of the activation energy with
the frequency factor. For Rubber V. Obtained with the CKA-ic
method under non-isothermal conditions at heating rates of 5, 10,
15, 20, 30 and 40 °C min™*, for the thermo-degradation reaction in
an atmosphere of N2 at 20 ml min.
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Figure L12 a) Behavior of the activation energy and frequency factor at

different conversions. b) variation of the activation energy with
the frequency factor. For Rubber V1. Obtained with the CKA-ic
method under non-isothermal conditions at heating rates of 5, 10,
15, 20, 30 and 40 °C minL. for the thermo-degradation reaction in
an atmosphere of N2 at 20 ml min.
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Appendix M Supplementary material to support Chapter 5.5.2
AppendixM1
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Figure M1  Stress-strain curve Rubber |
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Figure M2  Stress-strain curve Rubber |1


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-RIo- CertificagaoDigital N° 1821742/CA

AppendixM3

Stress (MPa)
N
w

Figure M3

Strain (mm/mm)

Stress-strain curve Rubber 111

246


DBD
PUC-Rio - Certificação Digital Nº 1821742/CA


PUC-RIo- CertificagaoDigital N° 1821742/CA

Appendix M4

Stress (MPa)
N
w

1 1 L 1 1 1 1 1 L 1 .l 1 1

Figure M4

0.2 0.4 0.6 0.8
Strain (mm/mm)
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Stress-strain curve Rubber VI
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